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ABSTRACT OF THE THESIS
CHARACTERIZATION AND INTERACTIONS OF MERCURY,
DISSOLVED ORGANIC MATTER AND ORGANIC SULFUR
IN SURFACE WATERS OF THE FLORIDA EVERGLADES
by
Maria Asuncion Calero Sheils
Florida International University, 2003
Miami, Florida
Professor Yong Cai, Co-Major Professor
Professor Rudolf Jaffe, Co-Major Professor
Two sampling stations in the Florida Everglades were selected based on the
results from US Environmental Protection Agency and Florida International
University Mercury Project. In both sites, most of the methylmercury is associated
with the truly dissolved organic matter fraction (<3KDa), where total sulfur levels are
also higher. Characterization of size fractionated dissolved organic matter by
synchronous fluorescence, UV spectrometry and 13C-NMR was accomplished,
revealing a decrease in the aromatic to aliphatic ratio in the DOM functionalities as
the molecular weight of the fractions decrease. The determination of organic thiols at
trace levels has been achieved in both particulate and dissolved phases by sensitive
detection with fluorescence after a reverse-phase liquid chromatographic separation.
The majority of the thiols are present in the dissolved fraction in surface waters of the
Everglades. Three uncharacterized thiols were found for the first time in surface
waters of the Florida Everglades.
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Chapter I. Introduction
1. Mercury contamination in the environment
Mercury is a liquid metal at ambient temperatures and pressures. It forms salts in two
ionic states: mercury(I) and mercury(II). Mercury(II) salts are much more common in the
environment, and if soluble in water are bioavailable and considered toxic. Mercury also
forms organometallic compounds, many of which have industrial and agricultural uses.
Elementary mercury gives rise to a vapor that is only slightly soluble in water, but is
problematic because of easy transport in the atmosphere. The most common form of
mercury is insoluble mercury(II) sulfide (naturally occurring cinnabar) which is less
bioavailable ( Pirrone, 2001; Renneberg and Dudas, 2001).
In contrast to many other metal/metalloid contaminants, mercury displays a complex
environmental speciation behavior. Widespread, detectable environmental mercury
species include divalent mercury (Hg 2+), elemental mercury (Hg0 ) and
monomethylmercury (CH 3Hg+) (Schroeder et al., 1989; Akagi et al., 2000). Less
frequently encountered compounds include dimethylmercury (Mason et al., 1995),
monovalent mercury (Hg 22+; a species that disproportionates via the following reaction:
Hg 2 -> Hg2+ + Hg (Pehkonen and Li, 1989) and, more recently, detectable quantities of
ethylmercury compounds (e.g., C2H5Hg+, C2H5HgC2H5, etc.) have been reported in
environmental media (Cai et al., 1997; Hintelmann and Wilken, 1995).
Elemental mercury is known to be globally transported before deposited on soil or
water (Pilgrim et al., 2001). Mercury contamination has long been recognized as a
problem for both humans and ecosystems. Mercury is considered by the United States
Environmental Protection Agency (EPA) as a highly dangerous element because
methylated mercury is accumulative and persistent in the environment and biota. Since
mercury does not degrade once it is released to the environment it will always be present
in one form or another (USEPA, 2000a). Mercury in natural waters is mostly in the form
of inorganic species; however, its biological toxic effects are primarily due to
methylmercury. Unfortunately, the inorganic mercury released into the environment can
be converted, by naturally-occurring biological processes, into methylmercury species.
This highly toxic organomercury species is present in much lower concentrations and is
readily accumulated by aquatic organisms (Sanchez-Uria and Sanz-Medel, 1998).
Methylmercury is neurotoxic, causes blockage of binding sites of enzymes, interferes
with protein synthesis, impedes thymidine incorporation into DNA, among other factors
(Thayer, 1984; Halbach, 1995). The short chain alkylmercury compounds are toxic and
tend to bioaccumulate more readily than other species of mercury. The mercury-carbon
bond is very stable, and the presence of the alkyl groups confers lipid solubility. Nearly
all mercury found in fish flesh (>95%) occurs as methylmercury (Porcella, 1994), and
most of the mercury present in humans originates from fish in the food supply (USEPA,
2000b) via the following processes: (1) emission of mercury to the air; (2) mercury air
transport and deposition on land and water; (3) transformation of mercury to
methylmercury in water bodies; (4) methylmercury uptake and bioaccumulation in fish;
and (5) consumption of contaminated fish by mammals, including humans. Mercury and
methylmercury exposures can result in permanent damage to the brain and kidneys, in
both humans and wildlife. Many organisms and agencies have addressed the level of
methylmercury exposure to humans.
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Several pollution events have been associated with the anthropogenic use of
organomercurials. The most documented case of methylmercury poisoning occurred in
Minimata Bay, Japan (from 1932 until diagnosed in 1968), from which the name
Minimata Disease derived (Clarkson, 1972, 1992; Hosokawa, 1993; Smith and Smith,
1975). More than 2,000 people were poisoned by the consumption of fish and shellfish
contaminated with methylmercury. This was the first known case of mercury pollution in
the aquatic environment. It was caused by the discharge of methylmercury into the
drainage channel that leads into the Minimata Bay. Methylmercury was formed during
the production of PVC formed by reacting acetaldehyde and inorganic mercury used as
catalyst. Also organomercurials were used as fungicides for cereal infections in the
1960's. This caused a particularly disastrous outbreak in 1972 in Iraq, where the seed
grain coated with antifungal methylmercuric preparations were consumed as homemade
bread . As a result 6,530 victims were much ill (Watanabe and Satoh, 1996). The impact
on ecological systems was noted earlier (1964) by Swedish ornithologists who observed a
significant decrease in wild bird populations (Helander et al., 1982). Nowadays the
pathway of exposure to methylmercury involves the emission of low concentrations of
mercury, mainly from combustion sources. These emissions lead to build up of
methylmercury in water bodies and fish tissue over time. It is important to stress that the
most likely individuals who are being exposed to a high level of methylmercury are
consumers of large quantities of fish. Pregnant women and young children are
particularly sensitive to exposure of high levels of mercury.
During the past decade, a new trend has emerged with regards to mercury pollution
(Kambey et al., 2001). Investigations initiated in the late 1980s in the northern-tier states
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of the United States, Canada and the Nordic countries found that fish, mainly from
oligotrophic lakes and often in very remote areas, commonly have high levels of
mercury. More recently fish sampling surveys in other regions of the United States have
shown widespread mercury contamination in streams, wetlands, reservoirs and lakes
(USGS, 1998).
Most of the mercury released to the atmosphere by anthropogenic activities is in the
form of the elemental mercury vapor. It may also be bound to airborne particles that can
be widely transported from the source of emission (USEPA, 1997). This element may be
deposited into surface waters and lands. Most of the mercury in waters, soils, sediments,
or plants and animals is in the form of inorganic mercury salts and organic forms of
mercury. However, methylmercury has been found to be the predominant form of
mercury in the tissues of fish caught in water containing predominantly inorganic
mercury (Monsalud, 1999). Therefore a chemical transformation of inorganic mercury
(Hg2+) to methylmercury (CH 3Hg+) occurs in the natural environment. Methylation of
mercury has been shown to involve both biotic and abiotic pathways (Jensen and
Jernelov, 1969; Nagase et al., 1982; Weber, 1993; Wood et al., 1969). By highly efficient
bioaccumulation and biomagnification, neurotoxic methylmercury would eventually
reach our food chain especially from seafood (Topping and Davies, 1981). USEPA
(1997) conducted a quantitative human health risk assessment of methylmercury. The
assessment estimated that between 1-3% of women of childbearing age in the US eat
sufficient amounts of fish for their fetuses to be at risk from methylmercury exposure.
The EPA's reference dose for methylmercury of 0.1 pg per g of body weight per day is
4
viewed as a scientifically justifiable level (NRC, 2000) for protecting human health from
the adverse effects of methylmercury.
2. Sources of mercury in the environment
Natural mercury emissions include volcanoes, natural mercury deposits and
volatilization from the ocean (USGS, 1998) which was estimated recently by Mason et al.
(1994) as 2000 tons per year. Naturally mercury-enriched material found associated with
plate tectonic boundaries, areas of high crustal heat flow, precious and base metal
mineralization, recent volcanism, and organic rich sedimentary rocks (Rasmussen, 1994).
Large areas of land in the western United States are enriched in mercury, and mercury
deposits are abundant (Jonasson and Boyle, 1972). However, since the 19 th century the
total amount of mercury in the environment has grown by a factor of 2 to 5 above pre-
industrial levels (Mason et al., 1994). Mercury was widely used in industry because of its
diverse properties. As a consequence, it is clear that industry was an important source of
mercury in the environment. Human activities are primarily responsible for mercury
pollution, mainly from combustion and waste incineration (Porcella et al., 1997), from
scrubber water or coal cleaning water produced by coal fired power plants and solid
waste incinerators (Carroll and Truman, 1995). The intentional use of mercury in
products (i.e., batteries, paints, pesticides) in the US has decreased significantly in the
past 20 years (US Dept. of Int., 1994).
Elevated levels of mercury in waters remote from anthropogenic emission sources
have also been documented (Swain et al., 1992; Rasmussen, 1994; Sorensen et al., 1994).
This indicates that atmospheric deposition is an important source of contamination. This
situation raises concerns about increasing amounts of mercury in the global pool and the
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implications of mercury emissions and their impacts on both people and ecosystems
worldwide. In December 2000, the EPA announced its intention to regulate mercury
emissions from fossil fuel electric power plants under the Clean Air Act (Environmental
Reporter, 2000). In addition to air emissions, mercury is also released in other ways,
including waterborne discharges and direct disposal to the land.
Over the years, some mercury compounds have been specifically developed as
pesticides, fungicides, and germicides to be used on grains, in paints, and with vaccines
(USEPA, 2000a). The examples of the usage of organomercury compounds include
methylmercury and ethylmercury and phenylmercury as a fungicide and cereal seed
treatment; thiomersal and mercurochrome as antiseptics; mersalyl, chlormerodrin,
mercurophen and mercurophylline as diuretics. Although some of these compounds are
not used any longer, their removal is not uniform throughout the world: ranging from
outright bans, to recommendations and voluntary codes (Craig, 1986).
3. Biogeochemical cycling of mercury
Once released into the environment, mercury is subject to a variety of processes and
interactions. Environmental mercury is thought to move through various environmental
compartments, possibly changing forms and species during this process. Like other
elements, these processes are conceptualized as a cycle. Figure I-1 illustrates mercury
release by both natural and anthropogenic sources into environmental media: air, soil and
water. When airborne mercury is deposited on land or in water, biological
transformations can occur that converts some of the mercury to methylmercury. The
amount of mercury transformed to methylmercury varies from one water body to another.
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Beyond mercury loading, the environmental setting (i.e. climate, geology, land use,
land cover), water chemistry and wetland density (Cleckner et al., 1999) are the most
important factors controlling methylmercury production. However, these factors seem
very complex and variable, and not altogether predictable. The exact mechanism by
which mercury enters the food chain is largely unknown. However, EPA reported that
bacteria that process sulfate in the environment places an important role by taking up the
mercury in its inorganic form and through metabolic processes, converting it to
methylmercury (USEPA, 1997). Dimethyl- and methylmercury, Hg2+ and elemental
mercury may interchange in a general biochemical cycle. This accounts for the formation
of methylmercury in remote areas where it has not been directly introduced to the
environment, but where Hg2+ may have been used. A scheme with a summary of the
biogeochemical cycling of mercury is presented in Figure I-2.
In lakes, rivers and reservoirs methylmercury is taken up by fish, resulting in
significant methylmercury bioaccumulation in fish tissue. Nearly all the mercury that
accumulates in fish tissue is methylmercury. Inorganic mercury is less efficiently
absorbed and eliminated to a higher extent. In some instances the concentration of
methylmercury in fish may be several orders of magnitude greater than the concentrations
in the surrounding water or sediment. Research in mercury transport, transformations and
fate will improve our understanding of the complexity of mercury processes once it
enters the environment, and allow improved future regulatory efforts.
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4. Mercury in the Everglades
The Florida Everglades is among the largest freshwater wetlands in the world. It
covers a region about 60 Km wide by 160 Km long and extends south of Lake
Okeechobee to Florida Bay (Stober et al., 1995). The Everglades ecosystem has been
greatly altered during the last century to provide for urban and agricultural development,
which has severely impacted this ecosystem. In 1948, the Central and Southern Florida
Flood Control Project was created by federal legislation in response to periods of drought
in the 1930s and 1940s, and severe flooding with loss of human life in the 1920s and
1940s. This project is one of the most intensive public water management systems
constructed that effectively provides flood control and water supply to facilitate urban
and agricultural growth, as intended. The canal system quickly drains water from
developed areas and the wetlands that remain. The result is that some areas are too wet
while other areas are too dry. Historically, most water slowly flowed across or soaked
into the region's vast wetlands. Today, over one-half of the region's wetlands have been
irreversibly drained. South Florida's population of about six million continues to grow
and compete for the land and water of the Everglades ecosystem. One-fourth of the
historic Everglades are now in agricultural production: sugar cane and vegetables are
grown on the peat soils of drained sawgrass marshes. An extensive system of canals,
levees, and water control structures have modified the Everglades water conditions and it
is thought to provide a conduit for pollutant transport from urban and agricultural areas
(e.g. a pump station discharges untreated stormwater from an urban basin into the
Everglades).
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In the last two decades there has been an increased awareness of mercury
contamination of game fish and wildlife in the Florida Everglades. About one million
acres of the Everglades system reportedly contained large mouth bass with mercury
concentrations above 2 mg/Kg (Ware et al., 1990; Florida DEP, 1994), double the FDA
limit for human consumption. In addition, mercury accumulation may reduce the
breeding success of fish-eating birds (Frederick and Spalding, 1994) and an endangered
Florida panther was found dead with a high liver methylmercury concentration of 110
ppm (Roelke et al., 1991). In response, fish consumption advisories have been issued for
almost the entire Everglades system (USEPA, 2000b).
To understand the biogeochemical cycling of mercury in the Everglades ecosystem,
it is necessary to understand the processes and factors influencing the flux of mercury
through this system. The mercuric ion is the predominant species in the Everglades
aquatic environment. However, sulfate-reducing bacteria can transform inorganic
mercury into methylmercury. Various hypotheses have been formulated to account for
the apparent susceptibility of the Everglades to mercury impacts (SFMSP, 1996),
including a high rate of net methylation of mercury and a high bioavailable fraction of
methylmercury.
The sources, distribution, transport, transformations and pathways of mercury
through the Everglades are not well understood. Among the possible mercury sources are
natural mineral and peat deposits, atmospheric deposition, local emission sources such as
medical and municipal waste incinerators, regional air emissions sources such as power
plants, and local water sources such as agricultural runoff (US Dept. of Int., 1994).
Although there are multiple interactions among these sources and several possible
11
pathways for mercury transport and bioaccumulation through the Everglades ecosystem,
none of these individual sources appears to explain the vast Everglades' area apparently
contaminated.
In 1993, USEPA Region IV and the Florida International University Southeast
Environmental Research Center (FIU-SERC) began the South Florida Ecosystem
Assessment Project to monitor the condition of the South Florida Everglades ecosystem
in order to provide timely ecological information that contributes to environmental
management decisions on the Everglades and its restoration (USEPA, 2000b). Statistical
results from the Environmental Monitoring and Assessment Program (EMAP), lead by
USEPA, indicate that the Everglades Agricultural Area canals are loading the public
Everglades with excess phosphorus, carbon and sulfate. The phosphorus, carbon and
sulfate concentrations progressively decrease downstream from Lake Okeechobee to the
Southern part of the Everglades (USEPA, 2000a). These significant gradients from north
to south correlate well with mercury and methylmercury contamination in the Everglades.
It appears that the canal system is an effective way for the transport of the degraded water
into and through the Everglades marsh system. However, the highest mercury
concentrations were found in the Everglades marshes, not in the canals. On the other
hand, gradients for total mercury in sediment and fish were reversed from south to north
(Stober et al., 1995). High concentrations of methylmercury were found not only in fish
and birds, but also in algae in the marsh between Alligator Alley and Tamiami Trail. In
this particular area, the environmental conditions for the microbial transformation of
inorganic mercury to methylmercury seem to be optimal.
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5. Interactions of mercury and dissolved organic matter
Dissolved organic matter (DOM) consists of a heterogeneous mixture of organic
compounds. DOM found in natural aquatic systems can be roughly divided in two
groups: solutes belonging to well-known classes of organic compounds, such as proteins,
carbohydrates, phenols, fats, waxes, resins, simple organic acids, etc. and complex
heterogeneous mixtures of organic solutes, generally called humic substances (Maie et
al., 2002). The major pathway for the production of humic substances appears to be
through condensation reactions involving polyphenols and quinones (Stevenson, 1982).
Humic substances can be defined operationally with the aid of the miscellaneous
procedures applied for their isolation. Under all environmental conditions humic
substances play a very important and essential role in the carbon cycle in nature
(Stevenson, 1992). In general, aquatic humic matter in fresh water ecosystems accounts
for the major part of the DOC.
DOM is ubiquitous in aquatic environments and is known to bind trace metals
strongly, affecting their speciation, solubility, mobility and toxicity (Buffle, 1988). The
association DOM- trace metal is found to be partially controlled by the molecular size
distribution of the dissolved organics (Cai, 1999). Traditionally, DOM is defined as the
portion passing through a 0.45 m or 0.2 pm filter and POM as the particulate phase
retained portion by the filter. Particles and the processes associated with their formation
can act as either a mechanism to remove mercury from the water column by settling, or
as carriers of mercury by transport as suspended material. The waters of the Everglades
are typically rich in dissolved organic matter. The humic substances present in these
waters are expected to play an important role in the transport and ultimate fate of mercury
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in this aquatic system, since they are extremely reactive and generally have short
residence times (Martin et al., 1995). Many metals in natural waters have solubilities
much higher than expected from calculations based on complexation with inorganic
ligands. The enhanced solubility is due to the complexation and/or adsorption of these
metals with DOM that therefore may play an important role in the biogeochemistry of
mercury in aquatic environments (Watras et al., 1995a). Cai et al. (1999) developed an
ultrafiltration procedure to study the interactions between organic carbon and mercury
species revealing a different distribution pattern in the suspended particulate, colloidal
and truly dissolved phases. Significant binding of mercury by natural DOM in surface
waters is suggested by the positive correlation between concentrations that have
frequently been observed in both lake and river waters (Mierle and Ingram, 1991;
Driscoll et al., 1995; Watras et al.,1995b; Watras et al., 1998 and Babiarz et al., 1998).
Although co-transport of mercury and DOM from watersheds can contribute to the
mercury load in a water body, this association may also decrease the bioaccumulation of
mercury in food webs by lowering the bioavailability of mercuric ion to methylating
organisms.
The binding between mercury and humic substances is so strong that the speciation
of both inorganic and methylated mercury in freshwater may be largely dominated by
humic complexes (Mantoura and Riley, 1975; Allard and Arsenic, 1991; Hintelmann et
al., 1995, 1997 and Meili, 1997). Lu and Jaffe (2001) studied the interaction between
Hg(II) and DOM using fluorescence spectroscopy, including the conditional stability
constants and the percentage of fluorophores participating in the complexation. The
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strength of mercury- DOM complexes has been reported in terms of conditional
stability constants for aquatic humic substances as indicated in Table I-1.
Table I-1. Stability constants for Hg-DOM complexes reported in literature
Type of organic matter Log K Reference
Bog water concentrated organic matter 10.4 Lovgren and Sjoberg, 1989.
Lake and river humic substances 18.4-21.1 Mantoura and Riley, 1975.
Mantoura et al., 1978.
Methylmercury is formed in the aquatic environment depending on several factors
that include availability of mercury and organic carbon, sulfate levels, and extent of
anoxic conditions (Hurley et al., 1998). Sj6blom et al. (2000) concluded that dissolved
humic substances decreased the bioavailability of dissolved inorganic mercury and
methylmercury in the aquatic environment. Therefore, information regarding the
interactions between DOM and methylmercury, as well as total mercury, is critical to
understand the biogeochemical cycling and the bioavailability of mercury in the aquatic
environment. This is especially important for the Everglades ecosystem since the waters
of the Everglades are typically high in organic matter and methylmercury accounts for
about 10% of the total mercury found in Everglades surface waters (USEPA 2000a).
6. Mercury and sulfur interactions
Because of the soft metal (low-oxidation-state metal with excess electron density)
character of Hg2 + and RHg+ (R = alkyl), mercury species have a high affinity towards
thiol groups, resulting in increased biotransport, distribution and toxicity of mercury
species. It is well known that the reactivity of thiol to mercury is strong compared to
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other transition metal ions (Cestari and Airoldi, 1997). It is not known in which way the
mercury species are bound to organic matter, but we could assume that the association of
mercury to the DOM via reduced organic sulfur-type binding functional group play an
important role. Model calculations with thiol-type binding instead of carboxylic and
phenolic (Guentzel et al., 1996) were successfully applied to explain mercury behavior in
the Ochlockonee river estuary, Florida, USA. Humic substances may contain reduced
organic sulfur-type species such as thiol (-SH), or disulfide (-S-S) groups from sulfur-
containing amino acids (Strohal and Huljev, 1971). Such sulfur-containing groups are
also involved in the very strong binding or complexation of mercury to humic substances
(Dyrssen and Wedborg, 1991; Jackson, 1993; Lee and Hultberg, 1990; Schuster, 1991;
Hintelmann et al., 1995 and 1997), as also suggested by Cai et al. (1999).
Recently, information on the sulfur speciation in humic substances has been
obtained using X-ray absorption near edge structure (XANES) spectroscopy (Morra et
al., 1997; Vairavamurthy et al., 1997; Xia et al., 1998). The organic sulfur species present
in the DOM can be divided into three groups based on their oxidation states
(Vairavamurthy et al., 1997): reduced sulfur, slightly oxidized sulfur, and highly oxidized
sulfur. The reduced sulfur species contain sulfur in oxidation states between 0 and -2
including thiols (R-SH), organic sulfides (R-SR), organic polysulfides, and thiophenes.
Given the high affinity of mercury for thiol groups (Dyrssen and Wedborg, 1991;
Schuster, 1991, and Xia et al., 1998), Benoit et al. (2001) hypothesized that the
complexation reaction can be written as:
Hg + RSH" = HgRS"-l) + H [1]
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The reactions of mercury species with reduced sulfur species are important for the
environmental chemistry of mercury and its speciation, due to the marked difference in
toxicity between organomercury compounds, Hg compounds and elemental mercury.
7. Rationale and Objectives
The Everglades mercury problem has been extensively investigated, however, many
questions still remain to be answered. One of such questions is that the importance of
DOM in the biogeochemical cycling of mercury. Although the importance of DOM in
mercury fate and transport has long been recognized, little is known about the nature of
the mercury-DOM and particularly methylmercury-DOM interactions. While it is
important to understand the distribution of mercury species, it is also necessary to
examine the processes by which different mercury compounds are formed, mobilized and
transported through the Florida Everglades ecosystem, particularly particles and organic
matter. Environmental mercury is frequently associated with natural organic matter in
aquatic environments. A study by Loux (1998) assesses the potential binding of mercury
species with natural organic matter by hydrophobic and ionic mechanisms. The findings
suggest that binding with organic matter occurs probably through ionic reactions with
sulfhydryl-binding sites. Potential hydrophobic binding with natural organic matter will
likely occur in the following sequence (CH 3)2Hg > Hg0 > CH3HgX (where X= OH~ or Cl~)
Loux (1998), but none of these species appear to be strongly hydrophobic and hence,
hydrophobic processes cannot explain observed organic matter-mercury associations in
low-solids-content aquatic systems; additionally, hydrophobic binding mechanisms of the
various mercury species are insufficient to explain observed environmental
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bioconcentration factors. On the other hand, ionic mercury binding with carboxyl-type
sites on natural organic carbon is not sufficiently energetic to explain observed mercury-
organic matter associations in the environment. Therefore, environmental mercury
binding with organic matter probably occurs through ionic reactions with naturally
occurring sulfhydryl binding sites. Because reduced organic sulfur species are commonly
found in porewaters and surface waters of the Florida Everglades (Gilmour et al., 1998),
it is very important to determine the effect of organic matter and reduced organic sulfur
(ROS) in mercury speciation. The binding of mercury with organic matter cannot be
explained by any single listed factor.
This work will target the interactions of mercury species with DOM and suspended
particulate and the effects of such phase interactions on the fate, transport and
bioavailability of mercury in this system. The major goals are:
1. Investigate the interactions between mercury species (total mercury and
methylmercury), DOM, and dissolved total sulfur (DTS), by analyzing their
distributions among different molecular weight size fractions. This
investigation will provide an indication of the processes that lend to mercury
and methylmercury enrichment in the Everglades related to DOM and DTS.
2. Determine the functional groups and chemical characteristics of the DOM in
different fractions. This allows and assessment of the influence of functional
groups of the DOM on mercury behavior, by the identification of possible
binding groups.
3. Investigate the identity of some of the reduced organic sulfur species present
in freshwaters DOM and determine their concentration. The application of a
18
thiol analytical technique for environmental analysis will help in the
evaluation of ROS in the biogeochemistry of mercury in the Everglades
ecosystem.
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Chapter II. Characterization of mercury species and their interactions with
dissolved organic carbon and sulfur in surface waters of the Florida Everglades
1. Introduction
Interactions between mercury species and natural organic matter (e.g. humic and
fulvic acids) appear to be important in controlling the fate and transport of mercury in the
water column (Cai et al., 1999; Lu and Jaffe, 2001; Sjoblom et al., 2000). Mercury
associates with DOC in water. Generally, this increases the concentration of mercury that
can be maintained in water. Depending on the local conditions, DOC-mercury binding
can either increase or reduce mercury uptake by organisms (Aiken and Reddy, 1998;
Ravichandran 1999). The importance of mercury associated with colloids were evaluated
in estuaries by Stordal et al. (1996a, b), however, these studies dealt only with total
mercury and not methylmercury. Cai et al. (1999) reported the distribution profiles for
methylmercury between different-sized fractions of DOC in natural waters.
Information regarding the interactions between DOC/colloids and methylmercury,
as well as total mercury, is important to understand the bioavailability of mercury in the
aquatic environment. Recent evaluations of the ultrafiltration technique for studies of
total mercury and methylmercury at trace levels in freshwater systems (Babiarz et al.,
2000; Cai et al., 1999; Benoit and Rozan, 1999) have been conducted. Also the major
trace and elements associated with colloids in organic-rich river waters have been studied
previously by ultrafiltration of natural and spiked solutions (Burba et al., 1998; Buffle et
al., 1982; Buffle and Leppard, 1995a, b; Dupre et al., 1999; Hoffmann et al., 2000;
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Nifant'eva et al., 1999). The distribution of bioactive metals in natural waters has been
studied as well (Wells et al., 2000).
There are sulfur-containing groups in DOC that may be involved in the very strong
binding or complexation of mercury (Hintelmann et al., 1997 and Xia et al., 1999).
However, the role of sulfur in controlling the toxicity and/or bioavailability of
methylmercury is poorly understood. Additional work is required to explain the nature of
interaction between sulfur species and organic matter. The geochemistry of sulfur in the
Everglades is particularly important because of its link to the production of
methylmercury through processes mediated by sulfate reducing bacteria (Bates et al.,
2000). The interaction between DOC-organic sulfur species with mercury species in the
Everglades was described by Gilmour et al. (1998). They correlated methylmercury
concentrations with sulfate concentrations in surface waters. Although sulfate is not a
good indicator of the possible interaction of mercury with reduced sulfur species
(Driscoll et al., 2000), it is rather related to the mediation of sulfate reducing bacteria on
mercury methylation.
The reduced sulfur species contain sulfur in oxidation states between 0 and -2
including thiols (R-SH), organic sulfides (R-SR), organic polysulfides, and thiophenes.
Among different species of organic sulfur present in water samples, reduced organic
sulfur compounds are mostly responsible for the strong binding to mercury
(Ravichandran, 1999; Xia et al., 1999). The presence of organic sulfur species, including
disulfides, has been reported in peat cores of the Florida Everglades (Bates et al., 1998).
Sulfur in freshwater wetland soils is typically present as organic rather than inorganic
sulfur, with reduced organic sulfur much more abundant than oxidized sulfur
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(Rennenberg and Dudas, 2001). To date, the available information on the extent of thiol
groups in water and its impact on the fate, transport and methylation of mercury have not
been studied. The binding constants for mercury species-humic substance are very large.
Benoit et al. (2001) reported log K = 11.4 to 13.2 for mercury-humic substance and
methylmercury-humic substance log K = 12.15 to 14.48 for different binding sites
(Hintelmann et al., 1997). The magnitude of these binding constants indicates that
mercury or methylmercury/humic substance complexes could occur in aerobic (low
sulfide) surface freshwaters.
While a number of studies have reported on the relationship between mercury and
aqueous concentrations of DOC, little is known about the exact mechanism responsible
for such interaction. Cai et al. (1999) studied the interaction between DOC and mercury
species in natural waters using an ultrafiltration procedure. Their results showed that the
most abundant fraction of methylmercury was found in the truly dissolved fraction
(<3KDa). Unfortunately, no sulfur information was included in this investigation. Even
in aerobic conditions the mercury compounds could complex with reduced sulfur species.
The objective of this study is to extend this research to include dissolved sulfur
compounds using a simple, non-destructive, reagent-free ultrafiltration technique to
isolate mercury species from freshwaters.
The purpose of this study is to determine the concentrations of total mercury,
methylmercury, DOC and total sulfur in surface waters at two selected sites in the Florida
Everglades to determine the significance of the interaction between species, natural
colloidal materials and sulfur. In addition, the ability of complexation between DOC/Hg
species will be determined by using distribution coefficients in different phases.
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2. Experimental
2.1. Materials and chemicals
Argon - Zero grade; Mercury-free deionized water (DIW); 12 N hydrochloric acid;
12% (v/v) hydroxylamine hydrochloride; mixed brominating reagent (0.05 M potassium
bromide : 0.1 M potassium bromate (1:1)); 0.1 M potassium bromate; 0.05 M potassium
bromide; and 2% (w/v) stannous chloride were prepared following the standard operation
procedures used in the Mercury Laboratory at FIU-SERC. A calibration total mercury
primary standard (1000 ppm) was bought from Fisher and used before expiration date. A
second source primary total mercury standard (1000 ppm) was bought from Spex . All
standards were prepared in a 1% HCl solution.
The following reagents were prepared and used for methylmercury analysis: 36%
(v/v) acetic acid, 0.2 M acetic acid, acetic anhydride (glacial), 1 M copper sulfate : acidic
potassium bromide (1 : 2) mixture, 20% (v/v) hydrochloric acid, methanol (Optima
Grade), methylene chloride (Optima Grade), 6N potassium hydroxide, 20% (w/v)
potassium hydroxide, 0.2 M sodium acetate, sodium sulfate anhydrous (10-60 mesh),
sulfuric acid (trace-metal grade), thioglycolic acid (glacial), 12 N hydrochloric acid, 12%
(v/v) hydroxylamine hydrochloride and mixed brominating reagent 0.05 M potassium
bromide : 0.1 M potassium bromate. The synthesis of sulfhydryl cotton fiber adsorbent
(SCF) followed the procedure used by Lee and Mowrer (1989).
The primary standards of methyl- and ethylmercury chlorides were prepared by
dissolving approximately 20 mg of CH 3HgC1 or C2H5HgCl (Ultra Scientific) in 20 mL of
methanol (optima grade) to yield an approximate mercury concentration of 800 and 760
ppm of CH 3HgCl or C2H5HgCl, respectively. Methyl- and ethylmercury chloride
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secondary standards (10 ppm) were prepared by using an appropriate volume of methyl
and ethylmercury chloride primary standards and brought to a total volume of 5 mL with
methanol. Methyl- and ethylmercury chloride working standards (200 ppb) and spiking
standard (5 ppb) were prepared in methanol and water respectively. Methyl- and
ethylmercury chloride calibration standards were prepared in 7 mL vials. 0, 50, 100, 150
and 200 pL of the methyl- and ethylmercury chloride spiking standard were spiked into
the vials where 5 mL of acidic KBr/CuSO 4 (2:1) and 1 mL of DIW were previously
added. Then these standards were subjected to the extraction steps of the water sample
preparation procedure.
Primary standard for sulfur analysis was prepared by dissolving 4.749 g of thiourea
(Fisher Scientific, certified ACS grade) in 100 mL of DIW to yield a sulfur concentration
of 20,000 ppm. Second source primary standard was prepared by dissolving 7.863 g of
sodium sulfate (Fisher Scientific, certified ACS grade) in 100 mL of DIW to yield a
sulfur concentration of 20,000 ppm. These standards were kept in 20 mL sealed injection
vials in the refrigerator. The secondary sulfur standard (1000 ppm) was prepared from the
primary standard solution. Total sulfur working standards were prepared in 20 ml by
weighting in analytical balance or in 100 mL glass volumetric flasks, depending on the
standard concentration. Table II-1 shows the vial volume used for each standard, as well
as the volumes of secondary standard used. The standards were distributed into 2 mL
glass vials, sealed and kept in the refrigerator until needed.
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Table II-1. Calibration standards (and second source standards) for total sulfur
determination in water samples.
Total Sulfur Volume of 1000 ppm DIW volume
(ppm) primary standard ( L) (mL)
0 0 100
0.5 50 100
1.0 100 100
2.0 200 100
2.5 250 100
5.0 100 20
10 200 20
15 300 20
20 400 20
2.2. Instrumentation
A Merlin mercury fluorescence detector (AFS), Model 10.023, from P.S. Analytical
Ltd. (UK) was used for total mercury analysis. Organomercury analyses were performed
using the P.S. Analytical mercury speciation system model PSA 10.723. Details
concerning this GC/AFS system can be found elsewhere (Alli et al., 1994; Jones et al.,
1995; Cai et al., 1996). Total sulfur concentrations were determined by using a Sulfur
Analyser, ANTEK 9000S (Houston, TX). A Hewlett Packard HP 4500 plus ICP-MS
system was used for metal analysis. The HP-4500 Chemstation allows automatic
corrections for isobaric interferences and correction for internal standard responses. All
critical argon flows, including nebulizer argon, were under mass flow control and a
peristaltic pump was used for sample introduction.
An Amicon ultrafiltration system (Amicon, MA) was used for all ultrafiltration
experiments. The system consists of a 20-L reservoir, a 2.85-L stirred cell, an
ultrafiltration membrane and a filtrate collection container. The sample was added to an
25
acid-cleaned polyethylene sample bag placed inside the reservoir, to avoid the sample
direct contact with the stainless steel wall of the tank.
2.3. Sampling
A major characteristic of a water sample containing colloids is its intrinsic instability
caused by continuing coagulation processes and microbial activity (Buffle and Leppard,
1995a). As a result, sampling, sample storage, sample processing and fractionation are
key steps that should be shortened and simplified as much as possible.
2.3.1. Site selection
Surface waters were sampled over the course of six months at two sampling sites
from canals located in Water Conservation Areas (WCA) IA and 3A. Site selection was
based on results obtained from the project "South Florida Ecosystem Assessment: phase
I/II - Everglades Stressors Interactions: Hydropatterns, Eutrophication, Habitat Alteration
and Mercury Contamination" supported by U.S.EPA. One of the sites is located in the
northern Everglades, WCA-1A, and the other in the central part of the system, WCA-3A,
as marked in Figure II-1. In both sites, mercury levels are known to be relatively high.
The concentration distribution patterns at these two sites that support the selection of the
two sampling stations are presented in Table II-2.
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Figure II-1. Schematic map of South Florida showing the sampling locations
(marked as "), as well as the Everglades Agricultural Area (EAA), Water
Conservation Areas (WCA) and Everglades National Park.
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Table II-2. Comparisons of analyte mean concentrations in water (from US EPA, 2000a).
Analyte North of Alligator Alley -
Alligator Alley Tamiami Trail
TP ( g/L) 79 24
TOC (mg/L) 26 18
TSO4 (mg/L) 27 7
CH3Hg (ng/L) 0.2 0.2
THg fish ( g/Kg) 33 83
THg (ng/L) 1.6 1.2
WCA-1A is the Arthur R. Marshall Loxahatchee National Wildlife Refuge, a 547Km2
diked marsh in the northern portion of the Everglades. Nearly 60% of the inflow water to
WCA-1A is derived from the Everglades Agricultural Area (EAA), a 2900 Km2 region of
farmland. Consequently, water in the Hillsboro canal is enriched in nutrients (SFWMD,
1995). Canal water is discharged into WCA-1A from a distribution canal, which receives
water from the S-10 control structures located along the northern perimeter levee in the
Hillsboro Canal and is dependent upon the volume delivered through floodgates. WCA-
1A waters discharge into WCA-2A through a distribution canal. Site WCA-1A was
chosen to evaluate the occurrence of mercury species in a eutrophic environment where
high DOC concentrations have been reported. The water discharged to the WCA-1A
marsh creates a strong north to south gradient with associated ecological changes. The
Southern sampling site is located on the L67 canal, in WCA-3A, and serves as
comparison to the eutrophied Hillsboro distribution system. Site WCA-3A is located at
the southern terminus of the L67 canal and the Tamiami Trail. The Everglades National
Park lies south of the Tamiami Trail and receives water directly from the L67 canal.
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2.3.2. Sampling procedures
The samples collected in the field were subjected to the experimental procedures
described below. No sample preservation was used in order to minimize possible
alterations in the sample, and therefore changes in the distribution of mercury and DOC.
Large volumes of water were needed for the analytical procedure, and 20 L polyethylene
carboys were used for sampling. The Teflon bottles and tubing used for water analyses
and the polyethylene sampling carboys were rinsed three times with DIW and filled with
625 ml of 1% HCl. Then 12.5 mL of mixed brominating reagent were added. This
mixture remained in the bottles until they were used. Prior to using these bottles, 2.5 mL
of hydroxylamine hydrochloride were added to remove all free bromine. The bottle,
bottle mouth and cap were then rinsed three times with DIW. Previous experience
demonstrates that these materials and cleaning steps provide extremely low trace metal
blanks (<10 pM) for all the metals of interest in this study (Cai et al., 1999; Wells et al.,
2000).
Prior to collection, the bottles were rinsed three times with the freshwater sample.
Surface water samples were collected directly with a 10 L acid-cleaned polyethylene
carboy, screened with a 105 pm nylon filter to prevent the collection of large particles,
and then transferred to other carboys or Teflon bottles (acid-cleaned). The depth of the
water at the sampling locations is about 1 to 2 m. Care was taken not to disturb the
sediments. Physico-chemical parameters (temperature, pH, conductivity and dissolved
oxygen) were measured in the field.
Samples were transported to the laboratory within 2 hours of collection. Sample
processing was done in a mercury-free clean room maintained at positive pressure with
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respect to the outside environment. 8 L of the unfiltered water sample were distributed
into four 2 liter acid-cleaned Teflon (Nalgene) bottles, acidified for preservation with
12N trace-metal grade HCl for further total mercury and methylmercury analysis (0.5 and
1%, respectively), and stored in the dark until analysis (within 3 days).
The rest of the unfiltered sample was filtered in a clean bench by nitrogen
overpressure (55 psi) through an acid-cleaned 0.2 pm nitrocellulose membrane of 150
mm diameter cut from a plain white membrane (Advantech MFS, CA) in an acid-cleaned
filtration system (Amicon, MA), with a 20 L sample tank. Filtration was stopped when
filtrate rates slowed greatly (after approximately 1 OL). A 5 L portion of the filtrate was
used for determination of total mercury, methylmercury and DOC in the filtered sample
(<0.2 pm). The remaining filtered sample was subjected to ultrafiltration.
2.4. Ultrafiltration
2.4.1. Procedure
The collected surface waters samples were filtered using a 0.2 pm nitrocellulose
filter. Then the samples were processed by ultrafiltration using two membranes with
different molecular weight cut off. All membranes were cleaned by a series of soaking,
rinsing and flushing steps. Cleaning took place over 1 hour period consisting of:
1) soaking the membrane in 0.1 M KOH for 30 minutes, to eliminate any organic
matter residues from the membrane surface and pores,
2) rinsing and soaking with DIW for 30 minutes, changing the water three times, to
eliminate the excess hydroxide, and
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3) flushing with 2 L of 0.1 M trace-metal grade HCl and 2 L of DIW in the filtration
system, prior to the sample filtration.
For reuse, the membranes were rinsed with DIW and stored in 10% ethanol/DIW solution
in the refrigerator (Amicon, 1999).
When membrane blanks were evaluated, THg was initially detected, requiring
procedural modifications to reduce this background THg concentrations. The
ultrafiltration system was found to contribute significant blank levels to the filtered
sample, with variable concentrations depending on the membrane and the plastic bag
(placed inside the reservoir to avoid direct contact of the sample with the stainless steel
reservoir). To clean the plastic bags, they were filled with 1% HCl for one week before
use. The solution was changed each day for one week. 0.2 pm nitrocellulose membranes
were cleaned by soaking in 1% HCl in a similar manner. Finally, the analysis of
periodically collected fractions was pursued to find the minimum volume necessary to
achieve low blank levels in the filtered sample and it is shown in Figure II-2. The
previously soaked nitrocellulose membrane was presumably mercury free after placing it
in the ultrafiltration stirred cell and flushing with at least 375 ml of 1% HCl and then
rinsing and flushing with DIW (500 ml). Different membranes were subject to this
cleaning procedure and the corresponding DIW procedural blanks analyzed for all
parameters already mentioned. As reported previously by others (Cai et al., 1999; Babiarz
et al., 2000) CH 3Hg was not found in the procedural blanks.
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Figure II-2. Data showing the minimum volume of solvent (1% HCl) necessary to
achieve low blank levels in the filtered sample.
Two molecular weight cutoff membranes were used that provided the nominal
molecular weight cutoff of >30 KDa and >3KDa, respectively. The schematic diagram of
the ultrafiltration system and the associated nomenclature used in this work is shown in
Figure II-3.
A sample of known volume (9.0 - 11 L) was introduced in an acid-cleaned
polyethylene plastic bag placed inside the 20-L sample reservoir for each ultrafiltration,
and the system was pressurized with nitrogen to 55 psi. The filtrate was collected in a
1 OL polyethylene carboy and part of this volume was then transferred to two 2-L Teflon
bottles. When the sample volume was reduced to approximately 2.75 L of retentate, the
system was depressurized, and the retentate volume was measured and transferred to two
2L Teflon bottles. The concentrations of total mercury, methylmercury, DOC and sulfur
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were determined in these solutions. An outline of the filtration procedure is shown in
Figure II-4.
Ultrafiltration
N2 ell
Plastic Retentate
bag Vr
Sample Co Filtrate { Vf
reservoir [V Cf
Collection
container
Figure II-3. Schematic diagram of the ultrafiltration system for determination of the
initial concentration of an analyte from its retentate concentration (Vr, retentate volume;
Cr, retentate concentration; Vf, filtrate volume; Cf, filtrate concentration).
2.4.2. Ultrafiltration mode
The ultrafiltration method applied to the fractionation of DOC was conducted in a
parallel mode and by monitoring of the retentate concentrations. Solutes with molecular
size larger than the membrane MWCO were retained in the ultrafiltration cell and
collected for analysis. The concentration of molecules having sizes larger than the
MWCO will increase over time in the ultrafiltration cell (Cai, 1999) due to sample
volume reduction, while solutes with molecular size smaller than the MWCO were
removed by the filtration process. It has been reported that losses of THg and CH3Hg can
be minimized by using a parallel ultrafiltration mode (Cai et al., 1999), in which handling
of the filtrate is not required, therefore avoiding the significant CH 3Hg adsorption losses
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Table II-3. Mathematical calculations for solute permeation from retentate concentration.
A) Concentrations of analyte measured
Filter size 0.2 pm 30 KDa 3 KDa
Fraction__
Feed concentration, volume Co CO.2F, V 30i CO.2F, V3i
Retentate concentration, volume N/A C30R, V30R C3R, V3R
Permeate concentration Co.2F C30F, V30F C3F, V3F
Where C is the concentration of analyte in the original sample (CO); <0.2 pm (C0.2F); 30KDa retentate
(C30R); 30KDa filtrate (C30F); 3KDa retentate (C3R); 3KDa filtrate (C3F). Also, V is the volume of the initial
ultrafiltration 30KDa feed (V30i) and 3KDa feed (V3i); the volume of the retentate 30KDa (V30R) and 3KDa
(V3R); and the volume of the filtrate 30KDa (V30F) and 3KDa (V3F)
B) Concentration of analyte in fractions larger than MWCO
Concentration of analyte in fractions Mathematical definition, based on
larger than MWCO permeation model
C L 30 KDa (C30R.V30R - CO.2F.V30R)/ (V30i - V30R)
C L 3 KDa (C3R.V3R - Co.2F-V3R)/ (V3i - V3R)
C L 0.2 pm Co - CO.2F
Where C L 30 KDa, C L 3 KDa and C L 0.2 m are the concentrations of analytes larger than 30KDa, 3KDa and
0.2 pm, respectively.
C) Concentration of analyte in different fractions
Sample > 0.2 pm <0.2 pm 0.2 pm-30 KDa 30 KDa-3 KDa < 3 KDa
Co CL 0.2pn C0 .2 F CL 30KDa CL 3KDa - CL 30KDa CO.2F - CL 3KDa
in mass concentration between retentates of organic matter with different MWCO
obtained by parallel filtration. The concentrations of DOC, TS and mercury species in the
fractions larger than a certain MWCO membranes were calculated as shown in
Table II-3.
2.5. Analytical procedures
2.5.1. Determination of total mercury in water samples
The Southeast Environmental Research Center Standard Operation Procedure,
SERC SOP-001-99, 'Determination of Total Mercury in Water Samples' was followed.
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Three 125 mL bottles were filled to the 125 mL line with the water sample. The samples
were placed in an ultraviolet cabinet for 12 hours and allowed to cool. 0.6 mL of 12 N
HCl (to complete 1% HCl) and 2.5 mL of KBrO 3/KBr mixed brominating agent were
added to each bottle. After one hour, 0.5 mL of (2% v/v) hydroxylamine hydrochloride,
previously purged with argon for 20 minutes, were added to inhibit any further reaction.
Samples were allowed to settle for at least 10 minutes before analysis.
The determination of total mercury in water samples was carried out using an
analytical procedure based on a bromination/SnCl 2 reduction method followed by cold
vapor atomic fluorescence spectrometry (CVAFS) (Bloom and Fitzgerald, 1988; Jones et
al., 1995). The instrument detection limit for total mercury was 0.03 ng/L. All total
mercury samples were analyzed in duplicate
2.5.2. Determination of methylmercury in water samples
The SERC Standard Operating Procedure for the 'Determination of
Organomercury in Water' was followed as described by Cai et al. (1996). KOH (6N, 8
mL) were added to the previously acidified 1000 mL of water sample stored into a 1 L
Teflon bottle. The pH of the water sample was further adjusted to 3.0 (2.9-3.1) using 20%
HCl and 20% KOH solutions (or diluted). Then 10 mL of the pH 3.0 buffer acetic/acetate
were added to the sample. A sulfhydryl cotton (SCF) fiber column was made of a 5 mL
screening column (Fisher Scientific) containing 160 mg ( 5) of SCF medium packed
(with a glass stirring rod) 1 cm high (to the mark). A system consisting of Teflon tubing,
stoppers, a disposable pipette tip, and the SCF column was setup in a test tube rack and
connected to a 12 channel peristaltic pump, as shown in Figure II-5. The system (without
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the screening column) was first washed with 500 mL of 1% HCl by using the peristaltic
nalysis. One of the samples in a given sample set was prepared in duplicate.
Teflon
tubing
Disposable plasticTeflon -1000 pL pipette tip ,.,,.,.,,,,,,_ ,
connector ,p,_,_,_,,_,_,_, 
_ eristaltic
Silicone pump
stopper
Sample bottle 5 ml
Screening
Sulfhydryl-cotton _ Column
Fiber adsorbent
(SCF)
Sink
Figure II-5. Schematic diagram for the organomercurial column pre-concentration
apparatus.
pump (pump setting: 5). The column was then incorporated in the system and washed
with 500 mL of DIW (pump setting: 40). The water sample was then passed through the
column. After the sample had passed through the column, 15 mL of DIW (5 mL at a time,
3 times) were pipetted onto the adsorbent surface. 6 mL (1 mL at a time, 6 times) of the
acidic potassium bromide and 1 M copper sulfate mixture (2:1) were then pipetted on the
surface of the adsorbent, and the eluate collected in a 7 mL glass vial. The eluate was
extracted with 300pL of methylene chloride on a shaker for 15 minutes and gyratory
shaker (model G2) for 30 seconds, and centrifuged for 10 minutes at 5000 g in a
refrigerated centrifuge (Dupont, Sorvall Model RC-5). 200 pL of the methylene chloride
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layer were then transferred through a small layer of anhydrous Na2SO4 (packed in a
pipette tip) to a 2 mL glass sampling vial with a low volume glass insert and subject to
GC-AFS. Organomercury concentrations were determined as described by Cai et al.
(1996) by capillary gas chromatography coupled with atomic fluorescence spectrometry
(GC-AFS). The detection limit for methylmercury by this method was 0.02 ng/L,
expressed as three times the mean baseline noise.
2.5.3. Determination of total sulfur in water samples
Water samples were introduced into 2 mL glass vials, sealed and kept in the
refrigerator until analysis. Because the concentration of sulfur in the sample was expected
to be low, care was taken to handle samples properly, avoiding touching the injection
needle or sampling vials because this way sulfur compounds may be introduced into the
system and produce erroneous results.
Total sulfur was determined in water samples by using an analytical procedure
based on a quantitative high temperature oxidation method. The complete high
temperature oxidation of the entire sample matrix occurs at 11000C following the
reaction:
S-compound +02 -> CO2 + H20 + SO 2 + MOX [1]
The conversion of chemically bound sulfur was quantitative (Antek 9000NS Manual,
1999). The dried combustion gases were routed directly to the UV sulfur detector. A
sheath gas (also oxygen) constrained the SO 2 vapor to a small stream as it passed by a
light source and a photomultiplier tube. The total sulfur concentration was determined by
UV (Meixner and Jaeschke, 1981 and Maser et al., 1991). The detection limit for sulfur
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by using this technique was 500 ppb with a 25 pL injection, expressed as 3 times the
baseline noise.
2.5.4. Total organic carbon analysis
DOC concentrations were measured by acidifying the water sample to pH<2 with
3N HCl, purging the sample with CO2-free air, and analyzing for total carbon using a hot
platinum catalyst direct injection analyzer (Shimadzu TOC 5000).
2.6. Method for determining the distribution coefficient, Kd
Commonly the distribution coefficient, Kd, is defined as (Stumm, 1992):
(mass of filter retained metal)/mass of macroparticles
Kd = ------------------------------------------------------------------- = C,/C, [2]
(mass of filter passing metal)/volume of water
(Units = L Kg1). Kd is site specific, but readily calculable from widely measured
parameters. In this formulation, the metal present in each size fraction is normalized to
the total quantity of its carrier phase. Since this study refers to the distribution of metals
across all size classes from truly dissolved (<3KDa) to macroparticulate, the use of the
traditional Kd would require the introduction of modifications in its definition to account
for the presence of colloids in the dissolved phase. The colloid-corrected distribution
coefficient, Kcd, was calculated according to the following relation:
Kcd = K,/(1 + KcCc) [3]
where: K,= distribution coefficient between particle phase and dissolved phase
excluding the colloidal fraction, defined here as the truly dissolved
fraction (<3KDa).
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K, = distribution coefficient between the colloidal fraction and the truly
dissolved fraction.
C = concentration of colloids [Kg/L]
To assess the distributions of total mercury and CH3Hg among different fractions in
the Everglades samples, a variety of distribution coefficients were calculated according to
the method by Stordal et al. (1996a,b) and Cai et al. (1999):
Kd = (MP/SPM)/Mfp
KP + C = [(MP + M )/(SPM + COC)]/Md
Kp= (Mp/SPM)/Md
Kc = (Mc/COC)/Md
where:
- MP = concentration of THg or CH 3Hg in the particulate fraction (> 0.2 pm), [ng/L].
- SPM = concentration of suspended particulate matter [Kg/L].
- MfP = concentration of THg or CH3Hg in the dissolved phase (< 0.2 pm), [ng/L].
- Md = concentration of THg or CH 3Hg in the truly dissolved fraction (< 3 KDa) [ng/L].
- Mc = concentration of THg or CH3Hg in the colloidal fraction (0.2 pm - 3KDa) [ng/L].
- COC = concentration of organic carbon in the colloidal fraction (0.2 pm - 3 KDa)
[kg/L] as C.
3. Results and Discussion
3.1. Ultrafiltration procedure
Because inorganic mercury and CH3Hg are present at trace level in the surface
waters, large volumes of sample needed to be filtered. A major advantage of the
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ultrafiltration technique is its ability to process large volumes of sample (Logan and
Jiang, 1990). Conventionally the discrimination between the "dissolved" phase and the
"particulate" phase in aquatic environments is made with 0.45 pm or 0.2 pm filters
(Burba et al., 1998). A 0.2 pm nitrocellulose membrane was used as the cut-off molecular
size for dissolved phase. Ultrafiltration was used to separate organic matter into various
molecular sizes for obtaining the distribution of organic matters in various fractions and
to isolate every fraction for subsequent analysis of partitioned metals into soluble and
colloidal size classes.
3.1.1. Procedural blanks
One of the principal analytical concerns in this study was the risk of contamination
during ultrafiltration.. All the procedures (sampling, filtration and storage) were carried
out in a manner that minimized contamination. To evaluate the membrane blanks of THg,
DOC, TS and major and minor elements, blanks levels were determined by processing
DIW under the same protocol as the natural sample. It is noteworthy that ultrafiltration by
means of the above mentioned washing technique yields very low procedural blanks
levels (DOC, THg, TS) (Table II-4).
Table II-4. Concentrations of THg, DOC and TS found in the blanks.
0.2B 30B 3B
THg ng/L 0.01 0.01 0.17
DOC mg/L 0.95 0.93 0.82
TS mg/L 0.52 0.35 0.24
Procedural blank for different membranes are as noted: 0.2B = 0.2 pm membrane blank;
30B = 30 KDa membrane blank; 3B = 3KDa membrane blank. n = 8.
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3.1.2. Ultrafiltration mass balance
In order to ensure of the filtration procedure used, mass balance calculations were
performed. The results of these calculations for THg, CH 3Hg, DOC and TS are reported
in Figure II-6. The quantity of each measured analyte in the original sample was
compared with the total sum of the same element in the filtrate and in the retentate. It can
be seen that the analyte content of the 3 KDa filtration generally differs by less than
30% from the corresponding analyte content measured in the 0.2 pm filtrate. This result
suggests that ultrafiltration mass balance is difficult to obtain if the filtrate is used for the
analyses since the losses of these analytes are believed to occur mainly in the membrane
(see also Cai et al., 1999). Use of the retentate as analytical matrix can substantially
reduced these losses (Cai, et al., 1999). For natural water samples, naturally present
complexing agents in DOM may lower the residual adsorptive losses in the membrane,
improving the recovery of mercury compared to the recoveries obtained in DDIW where
such ligands may be present in lower amounts (Cai, et al., 1999).
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Mass balance
30
0
0- 0U  H0
0-
THg CH3Hg DOC TS
Figure II-6. Results of the mass balance calculated by difference (expressed in wt%)
between the input and output of analyte quantities through the 3 KDa filtration membrane
(n = 8). The mass balance was calculated as {[V3FOC3F]+[V3ROC3R]-Vo'Co.2F]/[Voe CO.2F 1 0100%
where V3F, V3R, V, are the volumes of filtrate, retentate and initial volume respectively and C3F, C3R, C.2F
are the analyte concentrations in the filtrate, retentate and original, respectively.
3.2. Distributions of mercury species, TS and DOC between different size fractions
For the convenience of discussion, the different molecular weight size fractions
obtained by ultrafiltration are defined as shown in Table II-5.
Table II-5. Operational definitions of the molecular weight size fractions.
Molecular weight size fraction Definition
> 0.2 p m Suspended particulate matter (SPM)
<0.2 pm Dissolved fraction
0.2 m - 3 KDa Colloidal fraction
< 3 KDa Truly dissolved fraction
3.2.1. Suspended particulate matter and DOC
TOC was determined in the original natural water sample as well as in the dissolved
phase (<0.2pm, DOCtotal). The organic carbon content corresponding to the suspended
particulate matter (SPM) was calculated by difference. Table II-6 presents the data for
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TOC in the SPM and different size fractions of the dissolved phase, along with other
water quality parameters measured in the field for every collection event, in two different
sites in the Florida Everglades.
SPM in the Everglades water has been found to be composed of mostly organic
matter (Cai et al., 1999, Benoit et al., 1999). The concentrations of SPM found in this
study ranged from 0.01 to 3.16 mg/L. Concentrations of DOC found in the sample
analyzed ranged from 14.59 to 37.56 mg/L, in agreement with reported values by others
(Cai et al., 1999; Benoit et al., 2001). Therefore, SPM was only a small contribution
compared to the organic carbon from dissolved phases.
DOC in the small colloidal forms (30KDa-3KDa) varies in a range of average
concentrations from 11.7 to 9.89 mg/L in WCA-1A and WCA-3A, respectively; and
represents 45.9 and 47.1% of the total DOC present in these natural waters. DOC in the
truly dissolved fraction (< 3 KDa) contributed 47.6 to 49.8%. It can be further observed
from Table II-6 that most of DOC has a molecular weight smaller than 30KDa. These
results suggest that the composition of DOC in the Everglades waters is mostly less than
30 KDa molecular weight. These results were also observed in the experiments carried
out by Cai et al. (1999).
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3.2.2. Total mercury
3.2.2.1. Total mercury in the particulate phase (> 0.2 pm)
The concentrations of THg in the particulate were obtained by difference between
the values obtained for the natural sample and its dissolved phase (<0.2 pm) (Table II-7).
The concentrations of THg in the particulate in the two locations (WCA-1 A and WCA-
3A) ranged from 0.15 to 0.34, and 0.12 to 0.26 ng/L, respectively. The mass normalized
(HgspM/SPM) contents of particulate matter ranged from 0.12 to 0.26 g/g for WCA-1 A
and 0.08 to 5.2 for WCA-3A. Average concentrations as reported earlier by Hurley et al.
(1994) for mercury levels of particulate suspended in the water column in four northern
Wisconsin seepage lakes had average concentrations ranging from 0.12 to 0.68 pg/g. The
particulate forms of mercury in the Everglades found by Cai et al. (1999) were smaller
than those reported here (average concentrations ranged from 0.094 to 0.158 pg/g). The
difference in particulate mercury content may, in part, be attributed to the fluctuation in
SPM content in the Everglades samples. Nevertheless, particulate THg makes a minor
contribution to THg in the Everglades surface waters compared to those in the dissolved
phase.
3.2.2.2. Total mercury in the dissolved phases
The distribution of dissolved THg in different molecular weight fractions is also
presented in Table II-7. Concentrations of THg in the dissolved phase ranged from 2.06
to 0.4 ng/L, This is consistent with the results observed previously for Everglades
surface waters (Cai et al., 1999). It can be further observed that colloidal and truly
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dissolved THg play an important role in the distribution of mercury in the Everglades
waters. The data showed that the majority of the dissolved THg is contained in the
colloidal forms (0.2 pm - 3 KDa), up to 86.6 and 74.7% on average for WCA-1A and
WCA-3A respectively. As seen in Figure II-8, the average distribution of dissolved THg
in the truly dissolved fraction (< 3 KDa) constitutes also an important portion of the THg
for both sites, with 15.3 to 25.3% for WCA-1A and WCA-3A, respectively.
THg
.2 80
5 60
.~40
20
r: - -~ 0
>0.2 um 0.2 um-30KDa 30KDa-3KDa < 3KDa
o WCA-1A E WCA-3A
Figure II-7. Distribution in suspended particulate matter (> 0.2 pm) and in different
colloidal fractions of dissolved total mercury for two locations in the Florida Everglades
Although surface waters are subject to different physico-chemical and microbial
conditions at the two sites studied, they follow the same pattern in their relative percent
distribution of total mercury. Additionally, the distribution of THg in different fractions
obtained is supported by similar results obtained by Cai et al. (1999) and Santschi (1988)
where the major fractions containing mercury (II) were colloidal. Furthermore, Stordal et
al. (1996) reported that the colloidal forms of THg (1 KDa - 0.45 pm) represent a major
portion of the total operationally defined dissolved mercury (< 0.45 pm) in the surface
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waters of three Texas estuaries. The present results for the Everglades waters are in good
agreement with these reports.
3.2.3. Methylmercury
3.2.3.1. Methylmercury in the particulate phase (> 0.2 pm)
In contrast to THg, a smaller portion of CH3Hg was present in the particulate
matter, as presented in Table II-8. The concentrations of CH 3Hg in WCA-1A and WCA-
3A ranged from below detection to 0.04 ng/L, which were very close to the method
detection limit (0.02 ng/L). It was estimated that the CH 3Hg associated with the
particulate represents was less than 10% with respect to the concentration of CH 3Hg
found in the original samples (Table 11-8). Therefore, most of the CH 3Hg was found in
the dissolved phase (<0.2 pm).
3.2.3.2. Methylmercury in the dissolved phase
As shown in Table II-8, the small colloidal forms of CH 3Hg (0.2 m - 3KDa)
accounted for 44 and 54.1% of total CH3Hg present in average for samples from WCA-
lA and WCA-3A, respectively. Figure II-8 shows that the fraction 0.2 pm - 30 KDa
accounted only for 7.2 and 7.7% of the average dissolved CH3Hg in the WCA-1A and
WCA-3A, respectively.
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Figure II-8. Distribution of dissolved methylmercury in suspended particulate matter
(>0.2pm) and in different colloidal fractions for two locations in the Florida Everglades.
This result agrees with the report by Cai et al. (1999) on the interactions between
CH3Hg and DOC, where the < 10 KDa fraction showed the highest CH3Hg abundance.
CH 3Hg found in the truly dissolved fraction (< 3 KDa) ranges from 48.8 to 38.2% in
average for waters from WCA-1 A and WCA-3A locations.
Concentrations of CH 3Hg in the dissolved phase (< 0.2 pm) ranged from 0.11 to
0.36 ng/L (Table II-8), which is consistent with the results reported for this region (Stober
et al., 1998). It is noteworthy that the truly dissolved fraction contains 43.5 % (average of
the two sampling sites) of the CH3Hg present in water samples, in contrast with total
mercury, which was mostly present in the 30-3 KDa colloidal fraction. This finding was
initially reported by Cai et al. (1999), whose results clearly indicate that CH3Hg has a
different distribution pattern from THg in the Everglades surface waters. The tools to
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isolate colloidal material have been only recently adapted for Hg research. Consequently,
very little data about this important subject has been reported in the literature, and data on
fresh water systems are particularly rare. The research by Babiarz et al. (2001) in fresh
waters from the Florida Everglades and 13 other locations using tangential flow
ultrafiltration, determined THg and CH3Hg in the colloidal phase (0.4 pm-10 KDa), and
found that THg and CH 3Hg partition to different subfractions of colloidal material, in
natural waters of Lake Superior. Similar results were found by Hurley et al. (2001) where
the major fractions of CH 3Hg were colloidal.
3.2.4. Total sulfur
3.2.4.1. Total sulfur in the particulate
The concentrations of TS in the particulate phase (> 0.2 pm) and in different
colloidal fractions of the dissolved phase (< 0.2 pm) are shown in Table II-9. The
concentrations of TS in the suspended particulate matter (>0.2pm) ranged from below
detection limit to 1.64, and from 0.57 to 0.63 mg/L in WCA-1A and WCA-3A,
respectively. The concentrations of TS in the dissolved phase (<0.2pm) ranged from
14.00 to 2.52 mg/L consistent with sulfate levels reported earlier (Bates et al., 2000). It
can be observed from Figure 11-10 that most of the dissolved TS has a molecular weight
<3KDa, with a strong contribution of the colloidal forms (30 KDa - 3KDa). As shown in
Figure II-9, most of the TS was found in the truly dissolved phase (< 3KDa), with an
average concentration of 5.43 and 3.87 mg/L for WCA-1A and WCA-3A, respectively
(Table II-9).
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Figure II-9. Distribution in suspended particulate matter (> 0.2 pm) and in different
colloidal fractions of TS and DOC for two locations in the Florida Everglades.
TS in the colloidal form (30KDa-3KDa) represents 19.7 and 7.6% of the sulfur
present in the sample, while the TS in the truly dissolved fraction (< 3 KDa) contributed
71.8 and 89.9% in WCA-1A and WCA-3A, respectively. The high percentage of TS in
the truly dissolved fraction is probably attributed to the sulfate content in the samples.
However, the exact contribution of sulfate is not clear based on our current results.
According to Ravichandran (1999), the reduced sulfur content contributes between 48.2
and 69.4% of the total sulfur in organic matter in the Everglades, and a correlation
between TS and DOC could be expected.
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3.3. Correlations between different chemical parameters
3.3.1. Interactions of DOC with THg and CH3Hg
The percentage of dissolved THg and CH3Hg in different size fractions are shown
in Figure II-10. The figure shows that while THg in both locations is mainly associated
with the 0.2 pm - 30 KDa colloidal fraction, CH3Hg is mostly present in the truly
dissolved fraction (< 3KDa). In addition, the results of this study agree with previous
studies where strong correlations were found between DOC and CH3Hg (Cai et al., 1999;
Driscoll et al., 1994). Our results are in agreement with those obtained by Driscoll et al.
(1994) who showed that the correlation between CH3Hg and DOC was much stronger
than that between THg and DOC concentration. It is also in agreement with results by Cai
et al., (1999) who wereas the first to compare the different distribution patterns of THg
and CH 3Hg in the suspended particulate matter, colloidal and truly dissolved phases in
surface waters of the Everglades.
In order to assess the effect of DOC on the distribution of THg and CH3Hg in the
dissolved phase, the percentage of THg and CH 3Hg in different molecular weight
fractions were plotted vs. the percentage of DOC in each fraction. A strong correlation
might exist between mercury species and DOC, similar to those observed in other regions
(Andren and Harris, 1973; Mierle and Ingram, 1991; Hurley et al., 1995 and Watras et
al., 1995a).
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Figure II-10. Percent DOC, THg, CH3Hg and TS associated with different molecular
weight fractions of the dissolved phase. Data was an average of four samples.
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The relationships between THg, CH3Hg and DOC in surface waters of the
Everglades was discussed by Cai et al. (1999) and showed no correlation for THg vs.
DOC, while CH3Hg showed a good linear relationship. Table II-10 presents the linear
correlations and regression equations of the different parameters analyzed for the
different molecular weight fractions of the dissolved phase.
Table II-10. Linear correlations (R2) and regression expressed as %x vs. %y (x-y),
for the different molecular weight fractions of the dissolved phase equations of the
different parameters analyzed in this study. (n = 12)
WCA-1A WCA-3A
R2 Linear regression equation R2  Linear regression equation
CH3Hg-DOC 0.612 y =0.9782x + 0.531 0.4517 y = 0.7934x + 5.1661
THg-DOC 0.1899 y =0.4623x + 15.464 0.3718 y = 0.3718x +15.705
TS-DOC 0.3864 y = 0.7399x + 6.4921 0.9275 y = 0.9275x + 1.8123
THg-CH 3Hg 0.2406 y = 0.4359x + 14.103 0.6131 y = 0.441x + 13.975
CH3Hg-TS 0.4726 y = 0.6698x + 8.2548 0.061 y = 0.4604x + 21.87
THg-TS 0.0023 y = - 0.0522x + 26.303 0.0139 y = -0.0524x + 26.309
As shown in Figure II-11 where data from two sites were combined, CH3Hg
showed a better linear correlation with DOC (%CH3Hg = 1.006%DOC - 2.8751; R2 =
0.5664) than the correlation observed between THg and DOC (%THg = 0.4851 %DOC +
11.379; R2 = 0.2182). A linear relationship could suggest that this compound is primarily
associated with DOC. The better correlation between DOC-CH3Hg compared to DOC-
THg indicates that CH 3Hg is primarily associated with DOC.
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Figure II-11. A) Percent methylmercury and B) percent total mercury in different
molecular weight fractions of the dissolved phase versus the percent dissolved organic
carbon in each fraction. n = 20.
o 10.28.00; E 02.01.01;A 02.25.01;0O 05.06.01 sampling in WCA-1A
* 11.08.00; 01.24.01;A 03.05.01;* 04.07.01 sampling in WCA-3A
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3.3.2. TS, THg, CH3Hg, and DOC
The effect of TS on the distribution of THg and CH3Hg in the dissolved phase can
be assessed by plotting % TS vs. %THg or % CH3Hg for both sampling sites. As shown
in Figure II-12 for the results from WCA-1 A, the distribution of CH3Hg is clearly
correlated with that of TS (Figure II-12A) while such relationship does not exist for THg
(Figure II-12B). There is no correlation at all for both THg and CH3Hg at WCA-3A
(Table II-9). A better correlation for the northernmost site indicates possibly different
interactions of CH3Hg with TS at different sites. The correlation between DOC-TS is also
very different in both sites, and could be related to differences in the composition of TS
in the two sampling sites. TS measured included various sulfur species other than organic
sulfur. WCA-1A shows a less significant correlation (%TS = 0.7399%DOC + 6.4921; R2
= 0.3864) between DOC and TS (Table II-10) compared with WCA-3A (%TS =
0.9275%DOC + 1.8123; R2 = 0.9275). The presence of different sulfate concentrations
in the dissolved phase for both sites may cause an artifact in the correlations obtained
with TS. Although sulfate doesn't complex mercury species (Branfireum et al. 1999),
additions of sulfate to peat and peat pore water resulted in a significant increase of pore
water CH3Hg concentrations in northwestern Ontario Lake waters.
3.4. Distribution coefficients
Partitioning between solids and solution plays a dominant role in the distribution,
transport, behavior and fate of metals in the aquatic environment (Benoit and Rozan,
1999). The distribution coefficient Kd indicates the sorption/binding capability of
mercury species in a given DOM fraction. Such interactions can be described based on a
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Figure II-12. A) Percent methylmercury and B) percent total mercury in different
molecular weight fractions of the dissolved phase versus the percent total sulfur in each
fraction. n = 16.
o 10.28.00; 0 02.01.01;A 02.25.01; 0 05.06.01 sampling in WCA-1A
* 11.08.00; U 01.24.01;A 03.05.01;* 04.07.01 sampling in WCA-3A.
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distribution coefficient. The distribution coefficient may be useful to understand the
distribution of metals across all size fractions from the truly dissolved phase to
particulate. Such tests were not possible in the recent past, at least for fresh waters, since
trace metal data were unreliable (Benoit, 1995). The application of clean methods and
ultrafiltration techniques finally allow these determinations. To assess the distributions of
THg and CH 3Hg among different fractions in two locations in the Everglades, a variety
of distribution coefficients are calculated according to the method by Stordal et al.
(1996a,b), as described previously (section 2.6.). Since the distribution coefficient is a
conditional constant, it should be independent of the amount in the partitioning phases
(Benoit, 1995). Therefore, the amount of mercury species in each size fraction is
normalized to the total quantity of the carrier phase, and consequently, the distribution
coefficient (Kd) is related to the binding capability of mercury to the binding sites in each
fraction.
Table II-11 shows the average values obtained for the different distribution
coefficients for THg and CH 3Hg. Kd refers to the distribution of mercury species in the
particulate (>0.2 pm) with respect to the dissolved fraction (<0.2 m). For THg the log
Kd had a range from 5.01 to 6.65. This result is in good agreement with Kd= 5.4 - 5.7
observed by Stordal et al. (1996a) in laboratory experiments and Hurley et al. (1994b) for
Little Rock Lake (4.5 - 5.7), as well as with the results obtained by Cai et al. (1999) in
Florida Everglades surface waters (4.80 - 5.11).
Other distribution coefficients are also shown in Table II-11. These coefficients (Kp+C, Kp
and K,) refer to the distribution of mercury species in the particulate (>0.2 pm) and/or
colloidal (0.2pm-3KDa) phases with respect to the truly dissolved fraction
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(<3KDa) (i.e. Kp+ includes the particulate and the colloidal fractions of mercury
species in relation to the truly dissolved phase; Kp and K. include only mercury species in
the particulate and colloidal fractions respectively). Cai et al. (1999) reported that Kp+C,
Kp, K, are larger than Kd. This seems to be true for WCA-1A, but not for WCA-3A.
4. Conclusions
Ultrafiltration is a useful method for the fractionation of DOC in water samples.
The analytical concern of contamination during the ultrafiltration was avoided by
procedural modifications to reduce the background THg concentrations. Blank levels
processed in the clean laboratory were low for THg, and CH3Hg was not found in the
blanks. Retention of elements in the membrane during ultrafiltration by adsorptive losses
was evaluated by calculating the mass balance. The element content calculated from the
concentration measured in the filtrate and retentate generally differs by < 30%. This
proves that ultrafiltration mass balance closure is difficult to obtain if the filtrate is to be
used. In order to obtain an adequate degree of fractionation with reasonable volumes of
sample, a parallel ultrafiltration process based on monitoring the retentate concentration
was used. The size distribution was calculated as a difference in mass concentration
between retentates with different molecular weight cutoff.
Our results from two very different sites in the Florida Everglades indicate that
certain fractions of the DOC are more reactive with mercury species. The determination
of several specific parameters in selected molecular-size fractions of natural waters
provided more detailed information about the occurrence of mercury species in relation to
DOC and TS. The data shows that the majority of the dissolved THg is contained in the
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colloidal forms (30 KDa - 3KDa). In contrast with THg, a very small portion of the
CH 3Hg was present in the particulate matter. In addition, the truly dissolved phase
contains most of the CH 3Hg. This indicates that these two phases play a different role in
the THg and CH3Hg fate and transport. TS was mostly found in the truly dissolved phase,
this result is different than the distribution obtained for DOC, which is mainly associated
with both the small colloidal and truly dissolved forms. CH3Hg showed better
correlations than THg with DOC, this may suggest again different interactions of both
mercury species with DOC.
The interaction of THg and CH 3Hg with DOM across all size fractions, were
represented by a variety of distribution coefficients. The distribution coefficients obtained
for CH3Hg seem slightly smaller than those obtained for THg. This could be attributed to
the great complexation capability of the < 3 KDa in its distribution, and may be due to the
complexation of organomercury with functional groups of humic acids, particularly with
organic material containing thiol groups.
In the next chapter, efforts will be made to better characterize the composition of the
DOM and to determine the influence of functional groups on mercury behavior. In terms
of mercury mobility, the character of every DOC fraction may serve as the primary
control on mercury transport.
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Chapter III. Spectroscopic studies of DOM size fractionated isolates from surface
waters of the Florida Everglades.
1. Introduction
The aquatic humic substances are present in water as dissolved molecules, as
colloidal suspensions, and as particulate matter. In general, aquatic humic matter in
freshwater ecosystems accounts for the major part of DOM (Peuravuori and Pihlaja,
1998). The reactivity of the natural organic matter is closely tied to its physicochemical
properties such as molecular weight, aromaticity, elemental composition, and functional
group content (Cabaniss et al., 2000). The filtered (through 0.2 pm nitrocellulose
membrane) water contains not only humic substances but also other biochemically
important compounds of natural origin, such as very hydrophilic low molecular acids,
carbohydrates, fatty acids, amino acids and hydrocarbons.
Ultraviolet and visible absorbance spectroscopy and fluorescence spectroscopy
have been used to provide qualitative and quantitative information on the interaction
between natural DOM and metal ions (Senesi, 1990; Cabaniss, 1992; Lu and Jaffe, 2001).
Both methods provide similar information for the characterization of humic substances,
revealing various spectral components present in the DOM. The advantage of
synchronous fluorescence spectroscopy compared to UV spectra is the better resolution
of the fluorescence spectra (Hautala et al., 2000; Senesi, 1990), since many
environmental factors (type of solution, pH, ionic strength, temperature, redox potential
of the medium, and interactions with metal ions and organic substances) may affect
fluorescence more than absorbance (Senesi, 1990).
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3C-Nuclear magnetic resonance (1 3C NMR), especially in solid-state (CPMAS,
cross-polarization and magic angle spinning), has been extensively employed (Malcolm,
1990; Peuravuori and Pihlaja, 1998; Preston, 1996; Conte et al., 1997, 1999; Peuravuori,
2000) to obtain structural information of carbon nuclei in different humic substances
isolates and on the relative amount of each type of carbon. Several developments in NMR
technology have made possible its routine application to solid organic matter. These
improvements include superconducting magnets with high fields (up to 800 MHz for 'H
or 18.8 Tesla), Fourier Transform techniques for data acquisition and manipulation, and
Cross-Polarization and Magic-Angle Spinning methods for obtaining well-resolved
spectra of solids (Preston, 1996). All of these developments have made possible the
routine application of NMR to samples which are structurally complex, heterogeneous,
very dilute, solids or intermediate states such as colloids or gels (Jones and Bryan, 1998).
Since humic substances contain a large number of diverse chemical functionalities,
there is no single analytical method to isolate and fractionate them. Therefore, humic
substances from various environmental sources can be defined only operationally based
on the procedure applied to their isolation (Malcolm, 1990). Ultrafiltration as natural
organic matter isolation method has been reported (Buffle et al., 1978; Dupre et al., 1999;
Burba et al., 1998; Peuravuori and Pihlaja, 1998) and can be combined with low
temperature evaporation for the intended fractionation without natural organic matter
alteration.
There is a great interest in the role of DOC in the transport of metals in aquatic
environmental. A number of studies have reported on the relationship between mercury
and aqueous concentrations of DOC (Buffle, 1988; Aiken and Reddy, 1998; Cai et al.,
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1999; Benoit et al., 2001), but little is known about the exact mechanism responsible for
such interaction. Characterization of DOM fractions could provide some important
insight on the mercury/DOM interactions. In order to characterize the composition of the
DOM size fractions obtained and to determine the influence of functional groups on
mercury binding UV-Vis, fluorescence and 1 3C-NMR were used.
2. Experimental
2.1. Water samples
Fresh water samples were collected from two locations in the Florida Everglades as
shown previously (Figure II-1). Detailed background information regarding the selection
of these two sampling sites has been discussed in Chapter II, section 2.3.1. Briefly, water
was collected from a northern site (WCA-1 A) and a site located in the central part of the
Everglades (WCA-3A) because these two sites have been reported (US EPA, 1997) to be
impacted differently (DOC, THg, MeHg and TS concentrations).
The collection of water samples followed the procedure previously described in
Chapter II, section 2.3.2. Water samples (ca. 50 L) were collected from 0.5 m below the
surface using acid-cleaned polyethylene bottles covered with a 105 pm nylon mesh
between September and November 2000. The samples were filtered using a nitrocellulose
filter, 0.2 pm pore size (Advantech MFS, CA) immediately upon returning to the
laboratory.
2.2. Isolation of DOM
The isolation procedure of the DOM fractions by ultrafiltration is outlined in the
scheme shown in Figure II-4 and is described in detail in the literature (Cai, 1999). This
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ultrafiltration procedure divided organic solutes into three operationally defined
molecular size fractions: <0.2pm (dissolved fraction), 0.2 m-30KDa and 30-3KDa
(colloidal fraction) and <3KDa (truly dissolved fraction). THg, CH3Hg, TS, DOC,
UV/Vis and fluorescence analyses were performed in the aqueous fractions of the DOM
isolates.
500 ml aliquots of these fractions were rotary evaporated at 400C under reduced
pressure and reduced to approximately 50 ml. The concentrated aqueous samples were
then freeze-dried to obtain dried DOM samples. The solid isolates of the aquatic DOM
fractions obtained were analyzed by '3C-NMR CPMAS and FTIR and subjected to CHN
elemental analysis as well.
2.3. Apparatus
DOC in water samples was measured using a Shimadzu TOC-5050 Carbon
Analyzer (Shimadzu Co., MD). UV/Vis measurements of DOM were carried out using a
Shimadzu UV-Visible double beam spectrophotometer (UV-2101 PC). Doubly distilled
MilliQ water was used as a reference scanned from 600 to 200 nm at 100 nm min-1 .
Fluorescence spectra were obtained using a Perkin-Elmer LS50B spectrofluorometer
equipped with a 150-W Xenon arc lamp as the light source. Fluorescence emission
spectra were obtained at wavelengths ranging from 300 to 700 nm with an excitation
wavelength of 335 nm. Synchronous fluorescence spectra were recorded as well, with a
constant offset (8k=30 nm) between excitation and emission wavelengths and 10 nm slit
widths. The analyses of the carbon and nitrogen were performed on a Flash EA 1112 CE
elemental analyzer (Carlo Erba, Milan, Italy). 13C-CPMAS NMR spectra were recorded
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at 50.3 MHz on a Bruker ASX200 NMR spectrometer at the Macromolecular
Technology Research Center (Japan). A 7 mm (o.d.) zirconia rotor with Kel-F cap was
used with 5.0 kHz spinning rate, relaxation delays of 2 s were used throughout the
measurements. Sample size was ca. 200 mg. Typically 10-20 k transients were required
to obtain acceptable spectra. The spectral width was 25 kHz (500 ppm) and 512 points
were collected. The total experiment time for each spectrum was ca. 5 h. The spectra
were zero-filled once, Fourier transformed with 100 Hz line broadening and baseline
corrected before analysis. All measurements were made at room temperature. The
chemical shift scale is referenced to carboxyl carbons of glycine (C=O; C = 176.5 ppm).
3. Results and Discussion
3.1. Chemical composition
Table III-1 shows some characteristic properties for three freshwater samples: two
of them from WCA-1 A and one from WCA-3A. The parameters measured for these
samples include pH, temperature, conductivity and DOC concentrations in different size
fractions of the original liquid samples. Note that higher concentrations of DOC are
observed in WCA-1A with majority of the DOC present in the truly dissolved phase
(<3KDa). For WCA-3A, DOC is mainly present in both colloidal (30-3 KDa) and truly
dissolved phases.
Table III-2 shows the elemental carbon/nitrogen compositions (C/N) obtained for
two sub samples of solid DOM material after acidification. The exposure of the DOM
isolates to HCI results in a measurable change in elemental composition, and shows a low
percentage of inorganic carbon (0.03-4.24%). Quality control concerning the removal of
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Table I11-2. Elemental compositions of dissolved organic matter after
acidification
Water source %TN %Ca C: Nb %ICC (%OC)od
WCA-1A
1A-1
No fractionation 0.22 5.29 28.05 4.24 1.92
<0.2 um 0.15 5.06 39.36 4.09 3.04
0.2 um-30KDa 0.01 0.10 11.67 0.03 0.30
30KDa-3KDa 0.06 0.38 7.39 0.23 0.44
<3KDa 0.1 4.39 51.22 4.60 3.07
1A-2
0.2 um-30KDa 0.06 1.63 31.69 1.40 0.81
30KDa-3KDa 0.12 1.88 18.28 0.19 2.35
<3KDa 0.1 2.07 24.15 3.64 2.07
WCA-3A
3A-1
0.2 um-30KDa NA NA ND ND ND
30KDa-3KDa 0.16 3.83 27.93 2.20 4.07
<3KDa 0.07 3.43 57.17 1.76 0.00
aC Organic carbon.
bC:N calculated as (%C/12)/(%N/14)
%IC calculated as %Co-%C
d%OC in the original sample; (%OC) = [(%TN)o x (C:N)f]/1.167 (Hedges and Stem, 1984), where o and
f indicate original and final (post acidification) values.
NA = Not analyzed
ND Not determined, not possible to calculate
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total nitrogen (TN) or organic carbon (OC) present in the sample was not performed, but
the procedure by Hedges and Stern (1984) was followed. Additional precautions were
taken such as avoiding the use of silicone grease on the lid of the desiccator, as
recommended by Schubert and Nielsen (2000). Complete carbonate removal is fast,
therefore facilitating the measurement of carbon and nitrogen in solid natural DOM
samples (Schubert and Nielsen, 2000). Then, according to Hedges and Stern (1984) the
C/N ratio can be calculated as:
(%OC)o = [(%TN)o x (C:N)f] / 1.167 [1]
where the subscripts o andfindicate original and final (post-acidification) values.
C/N ratios determined from elemental analyses of organic matter have been used
as bulk source identifiers, to distinguish between algal and land-plant origins of
sedimentary organic matter (Meyers, 1997). Table III-3 shows the assignment of C/N
ratios to possible sources of organic matter.
Table III-3. Assignment of C/N ratios to possible sources of organic matter.
C/N ratio Possible source Reference
8 -15 Algal imputs Meyers, 1994
14 - 18 Humin Krishnamurthy et al., 1995
18 -45 Lipid-rich algal organic matter Meyers et al, 1986
The values obtained for the size fraction isolates from natural waters of the Everglades
are comparatively high to those presented in Table III-3. This could be due to a lipid-rich
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algal organic matter origin of the DOM, or to the degradation of nitrogen -containing
compounds present in the DOM; or a combination of both processes could be taking
place in organic rich surface waters, where partial preservation of algal organic matter
occurs by selectively favoring carbon-rich components, while degrading nitrogen-rich
components, thereby elevating C/N ratios. As reported previously (Meyers, 1997), partial
degradation of organic matter can selectively diminish proteinaceous components and
thereby raise C/N.
The effect of the different size reflects that the type of macromolecules and the
mineral compositions vary with particle size. In general, the C/N ratios of organic matter
in the truly dissolved phase are larger than C/N ratios of colloidal phases. Colloidal
fractions contain a larger proportion of intact macromolecules than the truly dissolved
fraction, with smaller C/N ratios. The truly dissolved fraction contains a larger proportion
of carbon-rich components, with a degraded nitrogen portion.
A summary of the major chemical analyses of the different aquatic fractions (THg,
MeHg, TS, C/N, DOC and IC) is given in Table III-4. It does not appear to be a linear
relationship between the C/N ratio and the group of parameters considered previously in
Chapter II. Instead, the C/N ratio refers to the organic origin and potentially to the degree
of degradation of the DOC found in these waters.
3.2 Spectrophotometric measurements
3.2.1. UV-Vis
UV-Vis has been used to measure the aquatic humus content and to estimate the
humic properties by measuring the absorbance at different wavelengths (Hautala et al.,
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2000). Chromophores responsible for the absorbance consist of conjugated double bonds
and unbonded electrons like those associated with oxygen, sulfur and halogen atoms
(MacCarthy and Rice, 1985). Absorbance is probably mainly due to the aromatic ring
structure (Bloom and Leenheer, 1989). In addition, internal vibration and rotation of the
molecules and intermolecular interactions affect the spectra (Korshin et al., 1997).
However, the UV-Vis spectra of humic solutes are featureless with absorptivities
increasing toward shorter wavelengths.
Absorptivities of different DOM solutions at 250 and 436 nm are presented in Table
III-5 for two locations in the Florida Everglades. Notice that due to the lower amounts of
DOC present in WCA-3A, the values obtained for absorption are lower.
n --> n* electron transition (e.g. aromatic compounds) occurs close to the 250 nm UV
region. The wavelength of 436 nm in the visible region is associated with the
determination of color (Chen et al., 1977), and it is also close to the peak (440 nm) of the
blue absorption band of chlorophyll a and has the potential to relate to algal biomass
(Battin, 1998). The ratio of the absorbance at 254 and 436 nm (Table I11-5) has been used
to determine the origin of the organic matter in solution. DOM compounds derived from
terrestrial vegetation and soils have a significant content of aromatic carbon, whereas
microbially derived DOM is lower in aromaticity (Battin, 1998). The values found for
terrestrial organic matter in the Surumoni and Orinoco river ranged from 9.70 to 8.53. In
this study the ratios found are larger than 20. The measurement of the absorbance in the
visible region is difficult owing to the low absorption coefficient in this region, therefore
limiting the accuracy of the measurement. Because of this limitation, the usefulness of
this ratio is limited.
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Table III-5. UV absorption measured at the indicated wavelength for
different samples and the corresponding fractions obtained by parallel
ultrafiltration. (Path length of the cell = 1 cm)
254 nm 300 nm 436 nm 254/436
WCA-1A
lA-1
Original
sample 1.49 0.738 0.064 23.28
< 0.2 um 1.475 0.728 0.058 25.43
0.2 um-30KDa 1.467 0.725 0.057 25.74
< 30KDa 1.462 0.72 0.057 25.65
< 3KDa 1.311 0.63 0.044 29.80
1A-2
Original
sample 1.5 0.739 0.03 50.00
<0.2 um 1.499 0.737 0.059 25.41
0.2 um-30KDa 1.501 0.742 0.061 24.61
<30KDa 1.492 0.736 0.059 25.29
<3KDa 0.386 0.176 0.01 38.60
WCA-3A
3A-1
Original
sample 0.449 0.222 0.019 23.63
<0.2 um 0.444 0.217 0.017 26.12
0.2 um-30KDa 0.503 0.246 0.019 26.47
<30KDa 0.429 0.209 0.016 26.81
<3KDa 0.12 0.053 0.001 120.00
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Phenolic and benzene carboxylic groups play an important role on the value of the
absorbance at 300 nm. It was experimentally found that the absorption of surface waters
at this wavelength is primarily dependent on the molecular absorption of the organic
substances (Buffle et al., 1982). Particularly phenolic, benzene carboxylic and condensed
polycyclic aromatic functional groups of humic substances are the most important
absorbing groups at this wavelength. Notice that the values corresponding to the truly
dissolved fraction (< 3KDa) are considerably smaller than for the rest of the fractions
(Figure III-1). This could signify a smaller proportion of phenolic and benzene carboxylic
groups in the truly dissolved phase.
. 0.8
0.6 0WCA-1A
0. ® WCA-3A
0
SAM < 0.2 um < 30KDa <3KDa
Figure III-1. Absorbance ratio (Afraction/Asm at 300 nm) of different size fractions with
respect to the absorbance of the unfractionated sample (data from WCA 1 A-1).
3.2.2. Fluorimetric measurements
Figure III-2 shows the synchronous spectra of the different size fractions for a
WCA-1A sample. Two bands around 300 and 370 nm and a shoulder at around 470 nm
are common in the synchronous spectra of the natural DOM because of the presence of
fulvic acids (Senesi et al., 1991). These spectra show: peak I @ 285 nm, due to
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proteinaceous materials (Lombardi and Jardim, 1999); peak II @ 350 nm; peak III @ 385
nm due to the presence of fulvic acids; and peak IV @ 460 nm, due to the presence of
humic substances (Miano and Senesi, 1992). The different peaks observed are shifted to
longer wavelengths from the lower molecular weight fraction (< 3KDa), to the higher
molecular weight fraction (<0.2 pm). This shift in the maxima of fluorescence intensity
II
220.2 . 0.2 pm-3KDa
200
I II
150 ..
..,.< 0.2 pm
100 .
Intensity
50 IV
/< 3 KDa
0.
-25.7
250.0 300 350 400 450 500 550.0
Wavelength
Figure III-2. Synchronous fluorescence spectra of a natural sample from the Florida
Everglades. Assignments for peaks I, II, III and IV are explained in the text.
from shorter to longer wavelengths is associated with an increasing number of highly
substituted aromatic nuclei (Senesi, 1990; Miano and Senesi, 1992) with a higher content
of conjugating groups (such as carbonyl and carboxyl groups), and with possible
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reabsorption of the emitted radiation by other absorbing centers of the molecule or
neighboring molecules (McGarry and Baker, 2000). Ideally, the dissolved fraction (<0.2
pm) should have a pattern result of the addition of its different size fractions spectra. The
actual spectrum is close but does not evolve all of them; this could be due to differences
in DOC concentration in different fractions or non-perfect size discrimination.
3.2.3. 3C-CPMAS NMR
Figure III-3 shows the 3C-CPMAS NMR spectra of various DOM fractions in
dissolved phase (<0.2 m) obtained in a sequential manner by using two different
ultrafiltration membranes (30 KDa and 3 KDa). The spectra of the isolates from WCA-
lA and WCA-3A show that all the size fractions were similar with each other by visual
comparison (Figure III-3). DOM contains mostly a wide variety of functionalities;
therefore, line widths are inevitably broad, this is due to the many overlapping resonances
from the heterogeneous mixture of organic compounds present in the DOM. Due to this
very heterogeneous macromolecular nature, the nuclei can experience a variety of
chemical environments thus producing a wide range of 13C NMR chemical shifts. This
fundamental characteristic interferes somewhat with the exact assignments and
interpretations of specific resonance regions of different kinds of carbons since they can
resonate within a wide shift range with numerous overlaps. (Malcolm, 1990; Peuravuori
et al., 1998; Preston, 1996; Conte et al., 1997, 1999; Peuravuori, 2000).
The 13C NMR spectra of Figure III-3 were assigned into four chemical shift ranges
(Malcolm, 1990; Peuravuori and Pihlaja, 1998; Preston, 1996; Conte et al., 1997, 1999;
Peuravuori, 2000) (ppm, relative to tetramethylsilane), as shown in Table III-6. These
conventional labels for regions of the '3C-NMR spectrum are only approximate.
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< 3 KDa
A)
30 kDa - 3KDa
B)
< 30 KDa
C)
0.2 um - 30 KDa
D)
< 0.2 urn
E)
30 250 200 150 100 50 0 -50
Chemical shift (ppm)
Figure III-3. 13C-CPMAS NMR spectra of various DOM size fraction isolates obtained by
sequential ultrafiltration. A) <3kDa; B) 30KDa - 3 KDa; C) <30 KDa; D) 0.2 um -30KDa;
E)< 0.2 um.
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Table III-6. '3C-NMR spectra chief chemical shift ranges (ppm relative to
tetramethylsilane)
Region Chemical shift
Alkyl C, aliphatic 0-45 ppm
30 ppm
0-alkyl 45-110 ppm
55 ppm
60-90 ppm
90-110 ppm
Aromatic 110-160 ppm
100-105 ppm
Carbonyl C 160-210 ppm
195-220 ppm
Integration of the '3C-NMR spectral regions of Figure III-3 for assessing relative
percentages (%) of different types of carbon atoms representing the four different spectral
regions [alkyl-carbon (0-45 ppm), O-alkyl (45-110 ppm), aromatic (110-160 ppm) and
carbonyl-carbon (160-210 ppm)] was based on the assumption of straight baselines in
areas of spectral intensity. The two samples from WCA-1 A collected in different dates
show some differences in the phenolic region, the reason may be decomposition that
modifies the aromatic rings of lignin and causes the decrease of the phenol peaks. The
aromatic region becomes dominated by a single broad peak with its maximum at
130ppm, as previously observed by Newman and Tate (1991).
Table III-7 shows the relative abundance of different types of carbons for the
various DOM isolates obtained from the different size fraction isolates for both sites. This
comparison shows that the different fractions of a given sample have a contribution to the
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total composition of the structurally different types of carbon present in the whole water
sample. Unfortunately, this distribution was not determined for several fractions in the
WCA-3A sample due to lack of a larger amount of isolate, since the DOC content of this
location is lower. Therefore, some comparisons could be made only for two of the
fractions for which data was available for this sample.
4. Conclusions
Several DOC fractions were studied using several spectroscopic techniques. The
results indicate that the studied size fraction isolates exhibit some structural differences.
For example, the variation from aliphatic to aromatic characteristics was noted by using
13C CPMAS NMR. The spectra showed a progressive decrease in bands associated with
the aromatic moiety of the molecules for those fractions containing lower molecular
weight DOM.
The previous characterization of mercury species and their interaction with DOC
revealed that THg, and especially MeHg, were associated with the low molecular weight
fraction (especially truly dissolved, <3 KDa). Although some useful information has been
gained in terms of charactering the DOC, from our very limited data of spectroscopic
studies, conclusions about the interactions between different DOC fractions and mercury
interactions, as well as the effects of different functional groups cannot be drawn.
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IV. Low molecular weight thiol-containing compounds in natural water and
suspended particulate from the Florida Everglades
1. Introduction
Dissolved organic matter may contain reduced organic sulfur (ROS), such as thiol
(-SH), or disulfide (-S-S) groups from sulfur-containing amino acids (Strohal and Huljev,
1971; Dyrssen and Wedborg, 1991). It is believed that such sulfur-containing groups are
involved in the very strong binding or complexation of mercury to humic substances
(Jackson et al., 1980; Lee and Hulberg, 1990; Schuster, 1991; Hintelmann et al., 1995
and Hintelmann et al., 1997). The reactivity of thiol to mercury is strong compared to
other transition metal ions (Cestari and Airoldi, 1997). The way the mercury species are
bound to organic matter is not known, but we could assume that mercury is most likely
associated with the DOM via ROS-type binding functional groups.
The Everglades mercury problem has been extensively investigated (US EPA,
1997; US EPA, 1998), however little is known about the mercury-ROS interactions and
particularly CH 3Hg-ROS interactions in these waters, the bioavailability of these
complexes and the effect of the chemical characteristics of the ROS on these interactions.
Driscoll et al. (2000) have shown that total sulfur is not a good estimate of CH3Hg-ROS
binding and that its use would result in underestimation of mercury biomagnification in
food chains. The lack of data on the mercury-ROS interaction is partially attributed to the
limitation of analytical techniques that can be used for the determination of ROS at
concentration levels in environmental samples. Accordingly, the development of a
convenient and reliable method for the direct determination of the concentrations of
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naturally occurring thiol groups in natural freshwater is necessary to provide more
specific information, to clarify its environmental role in relation to mercury binding.
High performance liquid chromatography (HPLC) with fluorescent detection
appears to be the most promising method with respect to convenience, resolution,
sensitivity and versatility for thiol analysis. Several assay methods based on HPLC for
thiols have been developed. Most of these techniques were developed for analyzing
biological samples where relatively high concentrations of thiols are expected. Labeling
of plasma thiols with a thiol-specific fluorogenic reagent followed by HPLC and
fluorescence detection has been previously reported (Ubbink et al., 1991; Fermo et al.,
1992; Jacobsen et al., 1994; Araki and Sako, 1987). At least three thiol-specific reagents,
o-phthaldaldehyde (OPA), monobromobimane (MBrB) and ammonium 7-fluorobenzo-2-
oxa-1,3-diazole-4-sulphonate (SBD-F) are commercially available, all of them previously
used for thiol-containing amino acids (cysteine, glutathione, homocysteine) analyses.
One of the procedures available for the determination of analytes with a primary
amino group is the Roth's fluorimetric method (Roth, 1971). Under basic conditions, the
derivatization reaction of the fluorogenic reagents, o-phthalaldehyde (OPA) and a
primary amino compound, with a thiol-containing species yields a 1-(2-
hydroxyethyl)thio-2-N-alkyl-substituted isoindole [eq. 1] whose fluorescence is
proportional to the thiol concentration. The OPA fluorophore rapidly links the primary
amino groups and the thiol group at normal ambient temperatures, giving derivatized
products that can be detected with high sensitivity. This method was found to be suitable
for the determination of total homocysteine in plasma (Fermo et al., 1992) with very good
sensitivity (10 pmol per injection). The primary limitation of this method is that the
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derivatives formed were found to be unstable, and can produce non-fluorescent adducts
(Jacobs et al., 1986) in a rapid, time-dependent degradation (Dai et al., 1997). Also, the
OPA reaction is highly pH dependent and at pH<9 no reaction occurs (Svedas et al.,
1980).
o SR
H RSH
__ 
_ 
_ 
__ 
_ 
_ 
_ 
N - RK- [1]H RNH 2  .
0
OPA
The second fluorogenic thiol-specific reagent used for precolumn labeling of low
molecular weight thiols is monobromobimane (MBrB). The compound itself is weakly
fluorescent, it selectively reacts with thiols [eq. 2] to yield highly fluorescent and stable
thioethers (MBSR) that can be detected at the picomole level.
O O O O
N RSH N
H 3C CH3  H 3C / H3  [2]
BrH2C CH 3  RSH 2C CH3
The bimane derivatives can be separated by HPLC. Unfortunately, this
derivatization is characterized by the formation of interfering adducts. Time consuming
clean-up steps are required to remove the MBrB hydrolysis products (Jacobsen et al.,
1989). More recently Jacobsen et al. (1994) have prepared beads with sepharose-SH
groups used to scavenge excess MBrB during the preparation of the thiol-bimane
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derivatives. The assay easily detects serum and plasma total homocysteine concentrations
of 10 pmol, despite the background fluorescence and the formation of fluorescent
degradation products.
Finally, ammonium 7-fluoro-2,1,3-benzoxadiazole 4-sulfonate (SBD-F) has proved
useful for the assay of biological thiols in trace amounts (Toyo'oka and Imai, 1983).
SBD-F is a thiol-specific, fluorogenic reagent. This reagent has some excellent features
with respect to fluorescence characteristics (excitation maxima at 385 nm, emission
maxima at 515 nm), soluble in water, and high stability of the fluorescence derivatives
compared to other derivatization reagents (Toyo'oka and Imai, 1984a, b). Because of
these stability characteristics, SBD-F can be used as pre-column derivatization reagent
for thiols (and disulfides after reduction) followed by chromatographic separation. Thiols
derivatized with SBD-F have been reported to show high fluorescence and high stability
(Toyo'oka and Imai, 1983, 1984a). The reaction between the fluorescent tag (SBD-F) and
the organic thiols is shown [eq. 3] (Imai and Toyo'oka, 1987).
F SR
N N
RSH N
O 0 0 + HF
N N [3]
S0 3~NH 4+ S( 3 N H 4+
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The fluorogenic-tagging reagent SBD-F has a benzo-furazan (2,1,3-benzoxadiazole)
structure that increases its fluorescence. The fluorescence depends on the functional
groups at the 4- and 7- position in the 2,1,3-benzoxadiazole, as well as the emission
wavelength (Toyo'oka et al., 1991). The SBD-thiol derivatives can be separated by
HPLC column and detected fluorimetrically. This derivatization yields very clean
chromatograms in comparison with the MBrB reaction (Fermo et al., 1998). SBD-F itself
is non-fluorescent, and no-fluorescent by-products are formed during the derivatization
procedure. From the original method proposed by Araki and Sako (1987) several
modifications have been proposed as improvements, as it would be explained later. This
method is a simple and relatively inexpensive assay for thiols. Ubbink et al. (1991)
reported a rapid isocratic HPLC method to separate SBD-derivatized thiols within six
minutes.
SBD-F adducts have high fluorescence, give rise to a low detection limit and have
excellent stability which is favorable for precolumn labeling (Imai et al., 1983). The
selectivity of SBD-F derivatization technique is superior to that of other reagents such as
the o-phthalaldehyde (Mopper and Delmas, 1984) and the monobromobimane (Fahey and
Newton, 1987) because SBD-F is highly specific to sulphyhydryl groups and does not
react with alcohols, phenols or amino groups (Araki et al., 1987). Due to this high
reactivity to thiol compounds low detection limits can be attained. Additionally SBD-F
does not have fluorescence itself, and has a negligible fluorescence blank (Toyo'oka and
Imai, 1983) and has biological buffer solubility.
The SBD-F method has been used to determine low-molecular weight thiols, such
as cysteine, homocysteine and glutathione, in plasma (Araki and Sako, 1987; Rizzo et al.,
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1998; Oe et al., 1998) and high-molecular weight metallothioneins (Miyairi et al., 1998).
A study has been performed for thiols in the particulate phase in estuary waters (Tang et
al., 2000a); however, determination of the thiol species present in freshwater has not yet
been done, probably due to the low concentrations of thiols present. In the present study,
SBD-F was used as a fluorescence reagent to measure the concentrations of the thiols in
natural freshwater samples including both dissolved and particulate phases.
Due to the low concentration of thiols present in freshwaters, a preconcentration
technique was pursued. Two preconcentration techniques, lyophillization and a
combination of rotary evaporation-lyophillization, were selected to reduce the volume of
the sample with minimum sample degradation. In an effort to account for the differences
in trace mercury species concentrations in natural surface freshwater from two different
locations in the Florida Everglades, we pursued some investigations about the identity
and determination of the concentrations of the reduced organo-sulfur species that are
present in freshwaters. To accomplish this purpose, a sensitive and reliable reversed-
phase HPLC method has been developed to analyze naturally occurring low-molecular
weigh thiols using pre-column derivatization with SBD-F and fluorescence detection with
isocratic elution.
2. Experimental
2.1. Fluorimetric assay of thiols with SBD-F
Thiols present in natural freshwater samples from the Florida Everglades were
derivatized with SBD-F essentially following the fluorometric assay of thiols with
fluorobenzoxadiazoles by Imai and Toyo'oka (1987). The modifications introduced to
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this procedure account mainly for the non-proteinic matrix analyzed in our study, as well
as the smaller volumes used to economize the use of reagents. In addition, recent
improvements reported in the literature (Rizzo et al., 1998; Oe et al., 1998; Miyairi et al.,
1998) were taken into account as further explained below. This test applies to the
determination of reduced and oxidized thiols in water samples by HPLC with
fluorescence detection.
2.1.1. Reaction conditions
The reaction between SBD-F and thiols was shown previously [eq. 3]. The final
SBD-F concentration in the analysis solution is equivalent to 370 pM, 40 times higher
than the highest concentration of the standards used. This reaction is favored under basic
conditions; therefore, the reaction was buffered at a pH 9.5 by a 0.3 M borate buffer with
2 mM EDTA. Borate buffer/EDTA was used as the reaction medium in the sample
processing. The borate buffer concentration used by Araki and Sako (1987) was 2.5 M. It
was reduced to 0.3 M because the high concentrations of this salt, in fact, can cause
occlusions along the narrow steel tubes of the HPLC equipment (Fermo et al., 1998).
By adding EDTA as complexing agent for metals, the thiol groups were made more
accessible to SBD-F. By complexing metals EDTA releases thiols and prevents other
metals from reacting with thiols in solution. At the pH (9.5) used, it is important to
include 2 mM EDTA to prevent metal catalyzed oxidation of the thiols present (Imai and
Toyo'oka, 1987). At this pH the reaction is slow and needs to be conducted at high
temperature, i.e. 60 0C for 1 h.
Disulfides do not react with SBD-F and must be reduced to thiols (Imai and
Toyo'oka, 1987). Tri-n-butylphosphine (TBP) has a very basic and nucleophillic nature,
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and is effective in reducing alkyl disulfides to thiols (Humphey and Potter, 1965). The
reaction is presumed to proceed as shown,
RSSR + (C 4H9)3 P + H20 -> 2 RSH + (C4 H9)3PO [4]
Quantitative reduction of the disulfides was found within five to sixty minutes after
reaction of these compounds with TBP (Imai and Toyo'oka, 1987). TBP does not
interfere with the fluorogenic reaction and may be added directly to the reaction medium.
Approximately 100% excess of the theoretical amount of TBP is used in all cases.
Additionally, TBP has a characteristic disagreeable odor, which can be recognized and is
poorly soluble in water so that it must be dissolved in dimethylformamide for use (Gilfix
et al., 1997).
2.2. Analysis of thiols in natural waters
2.2.1. Chemicals
Distilled deionized water (DDIW): DDIW was produced by filtering tap water
through a Culligan system consisting of activated charcoal and two mixed bed ion
exchange cartridges. The filtered water is then piped to a Barnstead distillation system
and stored in 25 gallon polypropylene carboy.
Ammonium-7-fluorobenzo-2-oxa-1,3-diazole-4-sulphonate (SBD-F) 1000 ppm
solution: approximately 1000 pg of SBD-F (Fluka) are weighted in a 2 ml
microcentrifuge vial (Fisher Scientific) in an analytical balance and dissolved in an
appropriate volume of DDIW (1000 pL) to yield a final concentration of 1 pg/pL
(1000 ppm). It is prepared on a daily basis.
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10% (v/v) tri-n-butylphosphine (TBP) in N,N-dimethylformamide (DMF): 5 ml of
TBP are transferred to a 50 ml volumetric flask and the volume is completed with 45 ml
of DIW. It is prepared as needed.
0.3 M sodium borate (pH 9.5) with 2 mM ethylenediaminetetraacetic acid (EDTA):
2.4543 g of NaBO 3 and 0.0744 g of EDTA are weighted in an analytical balance and
transferred to a 100 ml volumetric flask where the volume is completed with DDIW. A
few drops of 1 M NaOH are added to the solution, and the pH further adjusted to 9.5
using 0.1M NaOH and 0.1 M HCL. It is prepared as needed.
4 N hydrochloric acid (HCl): 33.33 ml of 12 N hydrochloric acid (Trace Metal
grade, Fisher Scientific) are transferred to a 100 ml volumetric flask containing DDIW
and the volume completed with DDIW. It is prepared as needed.
Acetonitrile: HPLC optima grade (Fisher Scientific).
0.1% trifluoroacetic acid (TFA): 1 ml of TFA (Peptide Synthesis grade, Fluka) is
transferred to a 1000 ml volumetric flask containing DDIW and the volume completed
with DDIW to the mark. It is prepared as needed.
Calibration glutathione and cysteine primary standards (1000 ppm): approximately
1000 pg of glutathione and cysteine, respectively were weighted and dissolved in
approximately 1000 pL of DDIW (the exact volume must be determined based on the
actual weight). It is prepared on a daily basis.
Glutathione and cysteine secondary standards (10 ppm): take 10 pL of glutathione
and cysteine 1000 ppm primary standard and complete to a total volume of 1000 pL with
DDIW.
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Glutathione and cysteine calibration standards: five calibration standards are
prepared in 2 ml microcentrifuge vials. 0, 50, 100, 200 and 500 pL of the glutathione and
cysteine (respectively) secondary standards are spiked into the vials and completed with
DDIW to a total volume of 1000 pL.
2.2.2. Procedure
This procedure is applied to the preparation of the water samples as well as the
matrix spiked sample, standards and reagent blanks. 1.5 ml of preconcentrated sample
were placed into a 2 ml micro-centrifuge vial and centrifuged at 12,000 rpm for 10 min at
20 0C. 200 pl of aliquot of this were placed in a 2 ml micro-centrifuge vial and 40 pl of
derivatizing agent SBD-F were added. To measure total reduced and oxidized thiol
concentration, 10 pd of a 10% solution of TBP in dimethylformamide were added to
accomplish reduction of the thiols and disulfides present that otherwise would not react
with the fluorescent tag. Subsequently, 200 pl of 0.3 M sodium borate buffer pH 9.5
containing 2 mM EDTA were added, vigorously shaken in a Vortex, and the mixture was
incubated for 1 hour at 60 0C to accomplish derivatization. 10 pl HCl (4 M) were added
to terminate the reaction, because the reaction does not proceed in acidic medium. The
fluorescence intensity of the SBD-thiolates is measured at ambient temperature with
emission at 515 nm and excitation at 380 nm.
2.3. Determination of thiols in suspended particulate matter
2.3.1. Chemicals
1 M methanesulfonic acid (MSA): 4.805 g of MSA are dissolved in a 50 ml
volumetric flask with DDIW.
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20 mM MSA: 1 ml of 1 M MSA is transferred to a 50 ml volumetric flask and
diluted with DDIW.
0.1 M NaOH: 0.4 g of NaOH are dissolved in 100 ml of DDIW.
1000 ppm SBD-F: see above
0.1% TFA: see above
Acetonitrile: see above
2.3.2. Procedure
The filter containing the particulate from 250 ml of water sample was extracted
according to the procedure described by Tang et al (2000a) for particulate analysis from
estuarine waters. 1.4 ml of 20 mM MSA solution was added to the micro-centrifuge vial
containing the frozen filter and heated at 60 C for 3 min in a water bath. The vial was
then ultrasonicated for 10 minutes to lyse the phytoplankton cells, and centrifuged at
12,000 rpm for 20 min at 4 0C. 500 pl of supernatant were used for SBD-F derivatization
by adding 30 pl of 10 %TBP in DMF to 2 ml micro-centrifuge vial. A 10 min period was
allowed for reduction by cleaving the disulfides bonds that permits SBD-F to react with
thiols produced. Then 40 pl of SBD-F solution (1mg/4 ml) were added. Then 20 pl of
NaOH (1 M) and 200 pl of borate buffer (0.1M) containing 2.0 mM EDTA (pH 9.5) were
added; the pH was further adjusted to its optimum condition of 9.5 with 0.1 M NaOH.
The reaction was allowed to proceed at 60 0C for 60 min and then stopped by adding 100
pl of MSA (1M). Aliquots of this solution (50 pl) were injected into the HPLC system
using 0.1% TFA (pH 2) - acetonitrile (90:10) as the mobile phase. Filter blanks were
subject to deionized water filtration, kept and analyzed in the same manner.
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2.4. Chromatographic system
A high-performance liquid chromatograph Shimadzu model LC- 1 OAT
(Shimadzu, MD), with a Shimadzu FCV-1OAL gradient elution system coupled to a
Shimadzu SIL-1OAXL autosampler and a Shimadzu SCL-1 OA system controller were
used. The system was fitted with a Zorbax SB-C18 (250 mm x 46 mm ID) analytical
column. A reversed-phase guard column was used to protect the analytical column. A
fluorometric detector Shimadzu RF-551 was set to Xexcitation = 385 nm and Xemission = 515
nm. The HPLC mobile phase consists of two solutions: (A) 0.1% trifluoroacetic acid
(TFA) and (B) 100% acetonitrile (ACN) at a flow rate of 1 ml/min. The column was
equilibrated with a 90:10 of 0.1% trifluoroacetic acid:acetonitrile.
50 pl aliquots of the derivatized samples were used for analysis. The operating
conditions for water analysis are summarized in Table IV-1. For the first 25 min the flow
was maintained constant at the initial conditions, the valve was then switched to higher
gradient proportions of eluent B for 40 min in order to clean the column from any
remaining adsorbed organic matter. Finally, the valve was switched to 10% eluent B for
25 min for column re-equilibration and for readiness for next sample injection. The
operating conditions for particulate analysis are summarized in Table IV-2.
2.5. Sampling
For convenience, surface water from the Florida Everglades was collected using
1 OL acid-cleaned polyethylene carboys. The depth of the water at the sampling locations
was about 0.5 to 1 meter. Care was taken not to disturb the sediments. Samples were
transported to the laboratory within two hours of collection. The samples collected in the
field were subjected to the experimental procedures described below.
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Table IV-1. Operating conditions for HPLC with fluorescence detection for thiol analysis
in water samples.
Liquid Chromatograph Shimadzu LC- 1 OAT
System Controller Shimadzu SCL-1OA
Degasser Shimadzu GT-104
Gradient Elution Shimadzu FCV- 1 OAL
System
Autosampler Shimadzu SIL-1OAXL
Spectrofluorimetric Shimadzu RF-551 Excitation Emission
detector @ 385 nm @ 515 nm
Software Class V.P. 4.2
Guard Column C18
Column Zorbax SB-C 18 4.6 x 25 cm
Mobile phase 0.1% TFA Pump A
100 % Acetonitrile Pump B
Gradient elution 0-25 min isocratic 10% B A% = 100%-B%
25-25.01 10-35% B
25-35 min 35-50% B
35-50 min 50-90% B
50-65 min isocratic 90% B
65-66 min 90-10% B
66-90 min isocratic 10% B
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Table IV-2. Operating Conditions used to measure thiolic compounds in particles
Guard
Column C18
Analytical Zorbax SB-C 18
Column 250 mm x 46 mm ID
Mobile
phase 0.1%TFA Pump A
100 % Acetonitrile Pump B
Flow Rate 1 ml/min
0.1% TFA
Gradient complementary to
elution 0-1min 10% B A%=100%-B% acetonitrile
1-12 min 10-15%B All gradients are linear
12-25 min 15-35%B
25-28 min 35-100%B
28-32 min 100%B Column cleansing
32-47 min 100-90%B
47-62 min 10%B Column conditioning
Surface waters were collected at the two sampling sites previously described in
Chapter II (section 2.3.1.), and shown in Figure II-1, from canals located in Water
Conservation Areas (WCA) IA and 3A.
Water samples were collected and screened with a 105 pm nylon filter to prevent
the collection of large particles. No sample preservation was used. 250 ml aliquots water
samples were obtained after filtration through a 0.2 pm nitrocellulose filter in order to
pursue further analysis of thiols present in the dissolved phase.
For the collection of suspended particulate matter, 2 L of surface water were
directly collected in a 2 L Teflon bottle. Within two hours of collection, the particulate
from surface waters was collected by vacuum filtration of 250 ml of water through a
47mm Nucleopore nitrocellulose filter with a 0.2 pm pore size. The filter was then placed
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in a 2 ml centrifuge vial and kept frozen at -4 "C until analysis. Filter blanks were subject
to deionized water filtration, kept and analyzed in the same manner.
For the characterization of thiols in size-fractionated samples, larger volumes of
water were needed for the analytical procedure; 2-20 L acid-cleaned polyethylene
carboys were used for sampling. The 0.2 pm filtered sample was then subjected to
ultrafiltration.
2.6. Preconcentration procedure
Preconcentration steps were necessary to reach concentration levels above the
detection limit of the chromatographic technique with fluorescence detection for thiol
analysis in natural waters. After several trials, it was found that a preconcentration factor
of forty or higher was necessary to achieve minimum concentration levels to improve the
analytical properties. Several possible techniques could be used for reducing the original
volume of the water sample containing the thiols. The most frequently used methods
involve distillation, extraction and adsorption techniques. Some of these techniques were
used in this study and their advantages and disadvantages for the analysis of thiols in
water are briefly summarized in Table IV-3.
The thiol group is present in the aqueous dissolved organic matter matrix, probably
as functionality in the branched structures (Filley et al., 2002). Low temperatures are
required in order to avoid decomposition or oxidation of these natural compounds.
Possible reactivity of thiol groups towards glass or metal containers must be considered
as well, and time constraints are also to be taken into account.
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2.6.1. Lyophilization (Freeze-drying)
250 ml of water sample previously filtered with a 0.2 pm nitrocellulose filter,
were distributed into three 100 ml wide-mouth polyethylene specimen container cup (125
ml, Fisher Scientific), covered and frozen overnight; then they were placed into the
freeze-dry container for four days until dryness. The solid dissolved organic matter
(DOM) was placed into a 20 ml polyethylene vial and reconstituted with 5 ml of distilled
deionized water to achieve a preconcentration factor of fifty.
2.6.2. Rotary evaporation & lyophilization
250 ml of water sample previously filtered with a 0.2 pm nitrocellulose filter were
placed into a round bottom flask and rotary evaporated at approximately 40 C until
reduced to approximately 20 ml. Then the sample was transferred into a 20 ml
polyethylene vial and frozen overnight, then placed in the freeze dry until dryness. The
solid DOM obtained was reconstituted similarly to the previous case with 5 ml of
distilled deionized water, to achieve a preconcentration factor of 50. Due to the quick
reduction of volume through evaporation, the freeze-drying process time was reduced
significantly to 2 days.
The significance of the preconcentration techniques to the thiol analytical process
lies in the fact that by reducing the volume we increase sensitivity by raising the
concentration of the analyte. Due to the multi-step transfers involved in any of the
preconcentration steps, these preliminary operations are considered the gross sources of
accidental and systematic errors (Valcarcel, 2000). A systematic control of the
instruments used was performed by testing the temperature readings, and quality control
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was achieved by performing several preconcentration processes to the same sample and
by spiking the original matrix with known thiol concentrations.
2.7. Ultrafiltration
In order to obtain size-fractionated samples by ultrafiltration, two different
molecular weight pore size membranes were used. The details concerning the processing
of the samples by ultrafiltration were described previously in Chapter II (section 2.4).
The concentration of thiols was determined in every fraction. Due to the low
concentration of thiols present in freshwaters, the obtained size-fractionated samples
were subject to rotary evaporation and lyophilization for preconcentration prior to
analysis.
An Amicon ultrafiltration system (Amicon, MA) was used as previously illustrated
in Figure II-3. The Diaflo nitrocellulose ultrafiltration membranes (Amicon, MA) YM3
and YM30 were used. The membranes provided the nominal molecular weight of >3KDa
and >30KDa, respectively. The treatment of the membranes before and after use was
done following the steps outlined in Chapter II (section 2.4.1.).
3. Results and Discussion
3.1. Conditions for the derivatization reaction
3.1.1. Termination of the reaction and derivative stability
For quantitative analysis, acid was necessary to terminate the derivatization
reaction and the products should be stable during the analysis. The samples derivatized
with and without TBP, the reducing agent, were kept in the autosampler at 21 C for 10
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days. The percent error (standard deviation divided by the mean) of the fluorescent peak
height during that time should be low for all thiols, in any of the derivatization conditions
(with or without TBP). A 3-days period adequately accounts for the analysis time for a
large set of samples. In the present study, no significant changes in the fluorescence
intensity of SBD-labeled thiol compounds were observed during storage of the reaction
mixture for 1 week at 21 *C.
3.1.2. Reduction of oxidized thiols by TBP
Because thiol compounds are relatively unstable and easily converted to disulfides,
and disulfides do not react with SBD-F, TBP is necessary for quantitative reduction of
the disulfides previously to the assay of the thiols (both in macromolecules and in
compounds of smaller molecular weight) with the fluorescent tag SBD-F. Oe et al (1998)
demonstrated that TBP efficiently reduces oxidized thiols under similar conditions to
these used in this study, and additionally it does not affect the recoveries of thiols.
Compounds with sulfhydryl groups are known to be strong complexing ligands for some
soft transition metals. It has been observed that some strong metal-thiolates are not
reactive to the fluorescence tag when fluorometric techniques are applied (Tang, et al.,
2000a), even in the presence of complexing agents such as EDTA or an effective
reductant as TBP. It is known that EDTA has limited effects on the fluorescent signal
when compared with TBP, this is so because EDTA is a weaker ligand than thiols for soft
metals such as mercury and copper and TBP can reduce the formation of metal-thiolates
cluster formation, particularly at high metal concentrations.
In the present experiment, the addition of TBP yielded higher fluorescence signals
than in samples without the reducing agent. These results suggest that oxidized thiols do
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not react with SBD-F in the absence of TBP, and TBP efficiently reduces oxidized thiols
under the present experimental conditions. Metal-thiol complexes in solution may be
present as clusters or polymers (Bell and Kramer, 1999), TBP acts as a disulfide-cleaving
agent as well as reducing the tendency for thiol cluster formation therefore making the
metal-thiolates more accessible to the fluorescent tag, increasing the signal. Oxidized
thiols may also occur as metabolites of the original thiols. SBD-F is useful for the
determination of oxidized thiols by their reduction with TBP without interference.
3.2. Thiol standards
3.2.1. Analysis of thiol standards
HPLC with fluorescence detection was calibrated by the analysis of several thiol -
containing standards that can react with SBD-F to produce fluorescent SBD-thiolates, as
previously described. Among the variety of available thiol standards that exists, several
peptides dissolved in a DDI water matrix were initially used. Ten thiol standards
(namely, L-cysteine, L-cystine, cystamine, L-cysteinyl-glycine, cystathionine, L-
homocystine, L-homocysteine, glutathione, gamma-L-glutamyl-cysteine, N-acetyl-L-+)-
cysteine) were derivatized and analyzed. Most of these thiol standards are aminoacids, or
n-peptides (n<3), that could be present in water. Proteins and aminoacids released are
important sources of mineralizable nitrogen and sulfur. Most aminoacids are bound to
organic polymers or organo-mineral complexes, because decomposers and autotrophs
rapidly take up free aminoacids (Howarth et al., 1992).
Some of these primary analytical standards were not stable under normal
environmental conditions, and they were kept in the refrigerated accordingly. Preparing a
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homogeneous and stable secondary standard solution was easy, since all standards are
soluble in water. 5 ppm working standards solutions were derivatized with SBD-F and
used for analysis immediately. As qualitative analysis, every standard was analyzed
independently in order to obtain a clear identification of peaks.
Some standard thiols used, such as cystine, are disulfides that, without reduction,
would not react with SBD-F. The effects of the presence and absence of the reducing
agent TBP on the fluorescence signal of thiols in the derivatization of the different
standards was examined. As an example, Figure IV-1 shows the chromatograms of SBD-
cystine derivatives with and without the addition of the reducing agent. Because SBD-F
does not react with disulfides cystine was detected. If instead TBP is used as a reducing
agent for disulfides, reduced thiol compounds are derivatized with SBD-F. The
chromatogram shows clearly the formation of SBD-thiolates after the reduction of
cystine. The most intense peak (Peak 1) can be identified as cysteine by comparison with
the chromatogram of this standard. Two other unidentified peaks can be observed in this
chromatogram, as products of the reduction-derivatization reaction of the original
disulfide. The presence of multiple peaks for a single standard could be due to the
presence of intermediates or side reaction products, as well as SBD-thiolate
decomposition products. Any of these possibilities results in different retention
characteristics in the chromatographic system.
For example, by derivatizing L-cysteinyl-glycine (a thiolic compound) with SBD-
F, three peaks are observed (Figure IV-2) without the addition of the reducing agent. All
three peaks result from thiols that appear to proceed from decomposition (e.g. cysteine)
or rearrangement (y-glutamyl-cysteine) reactions, as deducted after comparison of these
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Figure IV-2. Chromatogram of L-cysteinyl-glycine shows 1: SBD-L-cysteynil-glycine and
2: other product resulted from decomposition and/or rearrangement reactions, likely
SBD-y-L-glutamil-L-cysteine.
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additional peaks' retention times with those of the mentioned standards. No further
changes were observed after the addition of the reducing agent to the L-cysteinyl-glycine
thiol standard. This confirms the lack of interference by TBP and SBD-F in the
derivatization reaction, and points to minor decomposition of thiols as the origin of
additional peaks in the chromatogram.
A chromatogram for multiple SBD-thiol standard derivatives is shown in Figure
IV-3. The thiol standards used were chosen for comparison with previous studies of
thiolic compounds in biological samples where SBD-F was used as derivatizing reagent
(Imai and Toyo'oka, 1987). 50 pl of the SBD-derivatized 1 ppm solutions of cysteine,
cystamine, homocysteine, glutathione and y-glutamylcysteine were injected; this results
in 124, 90.5, 122, 70.7, 86.9 pmol of individual standard, respectively. Each thiol
compound exhibited a sharp and symmetric peak and good separation from the other
compounds. The sensitivity of the SBD-glutathione derivatives was higher than for
cysteine. The fact that cysteine gives lower fluorescence than the other thiol compounds
was also observed by Imai et al. (1983). This could be attributed to: (a) the lower yield of
the reaction of cysteine with SBD-F; (b) the fluorescence quantum yield of the product is
lower; (c) the lower stability of the product; and (d) cysteine itself decomposes faster than
the other thiol compounds under the reaction condition.
3.2.2 Calibration curve of thiol standards
Figure IV-4 shows the calibration curve of three relevant low-molecular weight
thiol standards in the presence of the reducing agent TBP. The calibration graphs for thiol
compounds examined in the range 3.54 pmol to 1 nmol showed excellent linearity for all
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Figure IV-3. Chromatogram of multiple SBD-thiol standard derivatives.
1: L-Cysteine; 2: cystamine; 3: L-homocysteine; 4: glutathione; 5: y-L-glutamil-L-
cysteine.
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three compounds. The coefficients of correlation between amounts of these thiol
compounds and observed peak heights were in the range from r2=0.9953 to 0.9999.
Thiol standards calibration curve
y = 20.63x + 7.012 y = 11.357x + 3.4905
280 R2 =0.9 R2 = 0.999
_ 240 -
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_- 200 - -
o, 160
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Figure IV-4. Calibration curves of three low-molecular weight thiols.
For the three standards shown as references the upper limit of the linear range is
reached around 0.7 nmol for glutathione and y-glutamyl-cysteine and higher for cysteine
(-2 nmol), for a 50 pL injection. At concentrations above the mentioned values, the curve
is no longer linear. The calibration curves generated were linear at least between 4.35
pmol and 0.7 nmol for GSH and y-GLU-CYS and at least 2 nmol for cysteine. The
detection and quantitation of thiols can be achieved in a broad linear range by this
method, which therefore can be used for a variety of samples.
3.2.3. Recovery of thiol standards
Table IV-4 shows the percentage recoveries for the thiols spiked into the
Everglades water samples, preconcentrated by two different methods. The quality control
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for the preconcentration method was established by determination of percent recoveries
for each method. The percent recovery was determined for each sample by
preconcentrating an equivalent volume of the same sample spiked with a known amount
of GSH, CYS and determining the fraction of each compound recovered. The recoveries
vary between 76.8 and 37.1% for glutathione and 70.6 and 63.2% for cysteine, depending
on the method of preconcentration.
Table IV-4. Percent recovery of thiols spiked into Everglades freshwater samples.
Preconcentration method Percent recovery Comments
%CYS J% GSH
Spiked 0.83 & 0.32 nM CYS and
Freeze-drying 63.2 37.1 GSH standards to 250 ml,
concentrated to 33 ml and analyzed
directly
Spiked 0.83 & 0.32 nM CYS and
GSH standards to 1000 ml,
Rotary Evaporation 70.6 76.8 concentrated to 30 ml, and analyzed
directly.
NA - not analyzed.
In addition, the method recovery was determined in a different way to evaluate the
analytical method performance. A thiol standard spike was added to a preconcentrated
sample and subjected to analysis to determine the percentage of recovery. By using this
approach, the matrix effects can be evaluated, as well as the derivatization reaction. For
simplicity, only two standards were spiked: cysteine and glutathione that were previously
found to be relevant thiols in natural water samples (Tang et al., 2000a). The results are
presented in Table IV-5.
110
Table IV-5. Percent recovery of relevant thiols spiked into preconcentrated natural water
samples and suspended particulate
Matrix % Recover
Cysteine Glutathione
Water 89.3 83.2
SPM 75.1 42.8
Because of the low concentration of thiols found in natural water samples, large
volumes of samples were handled, and the process was slow. Additionally, both
preconcentration techniques concentrate the inorganic components simultaneously, and
sample may be modified by thermal degradation. Other preconcentration techniques may
overcome these disadvantages such as freeze concentration, where the sample is partially
frozen and the dissolved substances are concentrated in the dissolved portion, which
would minimize the losses due to volatilization or chemical modification. Cross-flow
ultrafiltration, where constituents above a certain size are retained, can concentrate large
sample volumes at low temperatures and desalting is easily achieved. New
preconcentration techniques are necessary to improve the recoveries of thiols.
3.3. Thiols in natural samples
3.3.1 Thiols in surface waters
Figure IV-5 shows the results for thiol analysis in surface water from the
Everglades after freeze-drying preconcentration. It can be seen that thiol-SBD fluorescent
derivatives cannot be determined in the preconcentrated water sample without addition of
the reducing agent TBP (Figure IV-5A). This analysis shows the presence of oxidized
thiols that may occur by reduction of disulfide, because of the presence of new peaks
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Figure IV-5. Determination of thiols and disulfides in a natural preconcentrated water
sample collected in the Florida Everglades. A) Derivatized sample without reduction; B)
Derivatized sample after reduction with TBP; C) Natural freshwater sample blank, treated
in the same manner as the latter but without the fluorogenic tagging reagent (SBD-F).
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after reduction (Peaks 4 and 5, Figure IV-5B). The presence of oxidized thiols in this
sample could be expected because these are surface waters in oxic conditions with only
anoxic microenvironments that could hold thiolic reduced species. The sample blank
chromatogram (Figure IV-5C) was included for comparison purposes. Some of the peaks
(peaks 1 to 3, in Figure IV-5B) detected by fluorescence correspond to some natural
occurring fluorophores present in the DOM that interfered with this reaction.
The derivatization procedure involved several steps, including pH adjustment,
reduction and labeling. These steps may also induce interferences, which in turn could
interfere the determination of thiols in the samples. In order to assure correct
interpretation of the results, the multistep derivatization was investigated by isolating
each step.
The original preconcentrated sample was subject to thiol analysis by HPLC as
described previously. 4-200 pl aliquots were analyzed in order to determine several
factors:
Trial 1 (sample blank): Original sample without any of the derivatization reagents
but diluted accordingly with deionized water, i.e. wherever reagents used, DDIW was
added instead. This sample was meant to evaluate the effect of the different reagents in
the matrix, if any, and the natural sample fluorescence of the compounds dissolved in the
natural water.
Trial 2 (matrix + reagent blank): Original sample, without adding the derivatizing
reagent SBD-F, undergoing all the rest of steps, including reduction, pH adjustment,
reaction at 600C for 60 minutes and final acidification to stop the reaction. The purpose of
analyzing this sample is to ensure adequate matrix sample-blank, and being able to
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evaluate the fluorescence background adequately. The fluorescence signals observed in
this case, if any, may represent naturally occurring fluorescent compounds, and those
induced by the multistep reaction, but not thiols and disulfides.
Trial 3 (original sample derivatized, but not reduced): The fluorophore tag was
added, therefore thiols are to be detected but the lack of a reductant means that the thiols
oxidized or clustered species cannot be determined due to their lack of ability to react
with SBD-F.
Trial 4 (original sample derivatized with SBD-F, reduced with TBP, buffered at
pH 9.5): This process will determine all the thiol and oxidized thiols (disulfides) species
present in the water sample. The fluorescence signals include those from some natural
occurring compounds and those from reagents, if any.
From the matrix blank (Trial 1) (chromatogram shown in Figure IV-6A) it can be
seen that there are a number of peaks in the retention time range from two to four
minutes. Because the sample was not treated with any reagents, these peaks are not
thiolic compounds or thiols with fluorophores. They are interferences from the original
sample. It is well known that DOM present in natural water samples produces
fluorescence and fluorescence spectroscopy has been used to provide qualitative and
quantitative information on the DOM (Lu and Jaffe, 2001).
The experimental conditions for fluorescence detection call for an excitation wavelength
385 nm and an emission wavelength of 515 nm for the detection of the SBD-thiolates
after derivatization of the natural water samples. These conditions are in the range of
maximum excitation and emission wavelengths of the natural fluorophores present in the
DOM water sample matrix (Clark et al., 2002), therefore some fluorescence from the
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natural matrix could interfere with our thiol fluorescence detection. The chromatographic
analysis of the sample that underwent all the reaction steps, including reduction with
TBP, pH adjustment to 9.5 with a borate buffer, heating for 60 min at 600C and final
acidification to pH 2 to HCl, but without SBD-F derivatization (Trial 2) is shown in
Figure IV-6B. Compared to the sample blank (Figure IV-6A) new fluorescent species
appeared on the chromatogram. Since these peaks appeared in the matrix + reagent blank,
they interfered the thiol compound determination. The fact that they appear after the
addition of the reducing agent TBP means that this unknown interference was likely to be
an oxidized species that reacted with TBP generating a new fluorescent compound. It is
also possible that the pH treatments produce this new species. No further effort was made
to investigate their exact source.
The HPLC chromatograms of the thiol SBD-F derivatives in preconcentrated (by
rotary evaporation) water samples collected in the Florida Everglades) are shown in
Figure IV-7. There are several peaks observed. Two peaks were observed in the
derivatized sample without reduction (Figure IV-7A) (Trial 3). By comparison with the
chromatogram from the sample blank (Figure IV-6A), these interferences appear at the
same retention times with or without derivatization. The fluorescent compounds in the
DOM seemed not to be affected by the presence of the thiol-specific reagent SBD-F,
instead reduction or pH adjustment appear to be the main factors for the natural
fluorophore groups fluorescence. This implies that these interferences possess a non-
thiolic nature. They may be aromatic moieties present in DOM.
By comparison of the chromatogram from the samples with complete derivatization
(Figure IV-7B, Trial 4) and the derivatization without reduction (Figure IV-7A), we
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observed several peaks not observed previously in the sample blank chromatograms
(Figure IV-6). The chromatogram for the derivatized sample after reduction (Figure IV-
7B) shows three peaks (T1, T2 & T3) at later retention times that correspond to unknown
thiolic compounds in oxidized forms, since they were obtained after reduction with TBP.
These peaks did not appear without reduction or without the reaction with the
derivatizing reagent SBD-F. This reagent is strong enough to replace weak metal-thiol
complexes, but not strong enough to replace the soft metal complexed thiols (Tang et al.,
2000a). TBP is needed to split the metal-thiol clusters into pieces in order for SBD-F to
react with the sulfhydryl group of thiols. Therefore, these new peaks resulted from thiolic
compounds present in the DOM. They were previously sterically hindered for reaction
with SBD-F or alternatively, the thiols could be strongly bound to metals as metal-
thiolates-DOM complexes that will impede the reaction due to their greater stability.
It can be concluded that the last three peaks are likely SBD-thiolates originated
from reactive or labile-thiols in oxidized forms present in surface waters of the Florida
Everglades. It is impossible to assess the presence of other earlier outgoing thiols due to
strong interference peaks from the matrix in the first minutes. By comparison of these
sample chromatograms with those of different thiol standards no conclusion can be drawn
about the identity of the three reactive oxidized thiols found in the water.
By applying the previously described calibration and using GSH as reference
standard the following values were found for natural water total thiol levels in two
locations in the Florida Everglades: 149 13 pM (as GSH) for WCA-3A and 215 9 pM
(as GSH) for WCA-1 A. Concentration of mercury in the Everglades is around 10 pM.
Because of the strong binding capability of thiols to mercury, it appears that the
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interactions between mercury and thiols may play an important role in the
biogeochemistry of mercury in this aquatic system. Since the thiol species present in
water are oxidized, it is proposed that the following reactions are likely to occur with
mercury species:
RSSR + Hg2+ - (RS)2 Hg [5]
RSSR + CH 3Hg+ 4 2 RSCH3Hg [6]
3.3.2. Thiol-characterization of size fractionated samples
It was indicated in Chapter II that certain size fractions of DOC are more reactive
with mercury. The determination of thiols in selected molecular size fractions could lead
to further understanding of mercury-DOC interactions. Samples from two locations in the
Florida Everglades were size-fractionated as previously described by using two
ultrafiltration nitrocellulose membranes (30 KDa and 3 KDa). Molecular weight fractions
were preconcentrated using rotary evaporation and freeze-drying and derivatization of the
thiols present in these samples was achieved. Three unknown thiol compounds were
present in the surface waters of both sites studied.
Figure IV-8 shows the results for the determination of thiols in the truly dissolved
fraction (<3KDa) collected in WCA-lA. Contrary to what was observed previously, a
very small amount of a SBD-thiolate could be detected without addition of the reduction
agent TBP (Figure IV-8B). Peak T1 corresponds to a reduced thiol present in the natural
freshwater. This analysis shows that most of this thiol was present in the water in
disulfide form (oxidized thiol) because a much intense peak was observed at the same
retention time (Figure IV-8C) as peak T1 after reduction. The proportion of the reduced
thiol to oxidized thiols in the truly dissolved fraction is less than 20%. This proves that
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Figure IV-8. Determination of thiols and disulfides in the truly dissolved fraction
(<3KDa) of preconcentrated natural water sample collected in the Florida Everglades
(WCA-1 A). A) Natural sample blank, reduced with TBP but without the fluorogenic
tagging reagent (SBD-F); B) Reduced thiols in the derivatized sample obtained without
adding TBP; C) Oxidized thiols, derivatized sample after treatment with TBP; D)
Mixture of three standards: cysteine, glutathione and N-acetyl-cysteine.
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surface waters in oxic conditions may hold thiolic reduced species only in an anoxic
microenvironment.
Table IV-6 summarizes the average concentrations of three unidentified thiols
labeled as peaks T1, T2 and T3, respectively) in the different molecular weight fractions
of the DOC. The thiols in the dissolved fraction (< 0.2 pm) represented 58.9-72.0% of the
total thiols in the sample; therefore most of these thiols in the Everglades freshwater were
associated with the dissolved fraction. The distributions of the different thiols in different
molecular weight cut off fractions are also shown in Table IV-6. The data shows that the
truly dissolved fraction (<3KDa) contains the majority of the total dissolved thiols. The
thiol content in the colloidal fraction (0.2 pm-3KDa) constitutes only a small portion of
the total dissolved thiols.
It should be pointed out that, besides the errors introduced by the preconcentration
steps, the derivatization steps for the analysis of thiols and oxidized thiols in water
samples have several potential concerns that would require further study. First, thiols
with large molecular weight may be eliminated during the sample preparation steps (e.g.
pH adjustment, centrifugation), even though they may play an important role in the
interaction between DOM and mercury. Second, the SBD-F reactivity of thiols bound to
soft metals in the presence of TBP is not clear.
3.3.3. Alternative preconcentration technique for water sample
Cross-flow ultrafiltration was tried as an alternative preconcentration technique for
one sample. 100 L of water were filtered through a 3 KDa nitrocellulose membrane
cartridge and the non-pass filter portion (retentate) concentrated to 0.7 L. This process
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included a rinsing step with DDIW for desalting. The sample obtained was free of
particles and
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clear, with a preconcentration factor of 140, more than 3 times higher than achieved by
the methods described previously. This preconcentration process has the additional
advantage of taking place at low temperature. The process is relatively fast (8 days) and
requires monitoring of the retentate to avoid dryness. An aliquot of this preconcentrated
sample was derivatized and analyzed, and the resulting chromatogram is presented in
Figure IV-9. This is a very promising preconcentration technique for its simplicity and
for the possibility of preconcentrating thiols of different molecular size ranges.
3.3.4. Thiols in suspended particulate matter
This analytical method was applied to the determination of thiol compounds in
particulate (>0.2 pm) from surface waters from the Florida Everglades. The present
method allows the measurement of low molecular mass thiols in the particulate.
Chromatograms of particulate extracted from waters obtained from the WCA-1 A are
shown in Figure IV-10. A good separation without interfering peaks was achieved.
Cysteine and glutathione standards derivatized with MSA for the quantification of
thiols in the particulate for natural water samples were used because they have been
proved to be relevant thiols in the particulate of natural coastal waters (Tang et al,
2000a). The standards were initially prepared without MSA, since this acid is used to
precipitate proteins present in solution. It was noted that these standards had a longer
retention time than that derivatized with an additional 20 pl of MSA (1 M) to equal the
MSA concentration in the supernatant of the derivatized filters. In Figure IV-10 we can
identify two peaks corresponding to cysteine and glutathione present in the particulate.
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Figure IV-10. A) The presence of multiple peaks for a single standard in the absence of
TBP is illustrated for L-cysteynil-glycine. B) Key to compunds: decomposition and/or
rearrangement reactions give yield to these products.
126
No other peaks were found, therefore only the concentrations of cysteine and glutathione
were determined in the particulate. The possible source of these thiols present in the
particulate could be from phytoplankton. Al-Farawati and Van Den Berg (2001) reported
in their study of thiols in coastal waters, a co-variation between chlorophyll and thiols in
near shore locations. Glutathione is thought to be the most abundant non-protein thiol in
animals, plants and bacteria (Giovanelli, 1987); this could be its source in the particulate.
Table IV-7 summarizes the analysis of thiols in the SPM extracted from different
locations in the Florida Everglades.
Table IV-7. Analysis of thiols extracted from the SPM from water samples from different
locations in the Florida Everglades. (ND = not detected).
Cysteine Glutathione
Sample origin
WCA-1A 248 pM 86 pM
WCA-3A 206 pM ND
Method recovery 75.1% 6.2 42.8% 7.8
Recovery: 250 ml of DDIW were spiked with 100 ppb of cysteine and glutathione and
filtered through a 0.2 pm nitrocellulose filter and analyzed.
4. Conclusions
A sensitive and reliable reversed-phase HPLC method has been used to analyze
naturally occurring low-molecular weight thiols using pre-column derivatization with
ammonium 7-fluorobenzo-2-oxa-1,3-diazole-4-sulfonate (SBD-F) and fluorescence
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detection. The detection limit of the method has been limiting because of the low thiol
levels in the samples; therefore, preconcentration steps were necessary. Several
techniques were evaluated for preconcetration of the water samples. Using CYS and GSH
as sample thiols, CYS spiking recoveries were found to be 63.2 and 70.6 for freeze-dry
and rotary evaporation, respectively, and GSH spiking recoveries were 37.1 and 76.8 for
freeze-dry and rotary evaporation, respectively.
The derivatization technique is relatively simple and fast and the derivatized
products reflect the presence of various thiol species present in the sample. Thiol species
present in natural freshwater samples were derivatized successfully. However, for water
sample analysis strong interferences were observed at short retention times (<5 min) from
the sample matrix. This inhibits the application of this technique for analysis of some
thiols, which may appear in this range, such as CYS. For particulate phase analysis, such
interferences were not observed. Three unidentified thiol compounds are present in the
surface waters of the Florida Everglades. Characterization and identification of these
three species were not carried out due to the lack of standards and their fairly low
concentrations. Nevertheless, through the application of the HPLC fluorescence
techniques we have shown that while the concentrations of any given compound in the
aqueous phase is small, the cumulative effect of all complexing species may be
appreciable. According to Luther and Church (1992), porewater thiols may compete for
mercury complexation, which increases mercury mobility. Ravichandran et al. (1998)
found that dissolved organic carbon (DOC) can promote the solubility of cinnabar (HgS,
an insoluble sulfide present in the sediments) in natural water of the Florida Everglades;
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this could be attributed to the thiols present in DOM, which have a strong binding
capacity for mercury.
A different pattern was found for thiols in particulate phase. Since no interferences
were observed in the short retention time period, we were able to determine CYS and
GSH. These two thiol species were found in the particulate phase at relatively high
concentrations. Their occurrence is most likely caused by the present phytoplankton and
other microbial organisms. The three unidentified thiols found in the dissolved phase
(<0.2 pm) were not observed in the particulate phase.
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V. Future Research
While this study is the first to report the presence of thiols in surface waters of the
Florida Everglades there are many questions that remain to be answered. Some of the
potential areas of research are listed below.
It has been shown (Chapter II) that the influence of DOC in the transport and fate
of mercury plays a role in the transport and bioavailability of mercury species in surface
waters of the Everglades. Although correlations between total sulfur, DOC and
methylmercury concentrations in surface waters were studied, the influence of reducing
sulfur species on the transport and fate of mercury requires further study. The technique
used for sulfur analysis provided the total amount of sulfur present, including sulfate. A
more specific approach is needed to include mostly reduced organosulfur compounds
analysis.
The technique for thiol analysis was investigated in this study (Chapter IV).
However, due to the low amounts of organosulfur compounds found in water, a
preconcentration technique was necessary prior to analysis. Based the results obtained in
this study, a more reliable preconcentration procedure is needed. Cross-flow
ultrafiltration is worth of further investigation.
The effect of different types of DOC with different sulfur content on the
complexation of mercury species in water could be of interest to explain the fate of these
species in different locations of the Everglades. Further progress is necessary to identify
and quantify potential mercury binding sites in DOM by using different spectroscopic
techniques.
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The influence of DOC in the transport and fate of mercury species in the Florida
Everglades could be related to an abiotic interrelation of three natural cycles carbon,
sulfur and mercury, where the presence of some radical compounds obtained from the
interaction of organosulfur compounds with light, combined with the abundance of
organic matter could produce very reactive methyl radicals able to abiotically methylate
inorganic mercury species present in the water. Possible compounds to capture such
carbon and sulfur radicals should be looked for, in order to establish their presence and
their ability for methylation.
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